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CHAPTER 1 
INTRODUCTION CHAPTER 
A. Background 
Reactions that lead to the construction of carbon-carbon bonds are fundamental 
in organic synthesis, and remain a challenging goal for organic chemists. Many efficient 
reaction protocols have been studied for achieving this goal. Cycloaddition reactions 
have emerged as one of the most powerful methods in constructing carbon-carbon 
bonds in organic synthesis.1 The Diels-Alder cycloaddition reaction represents the 
simplest and most well-known cycloaddition reaction.2 It involves the combination of 
two reaction partners, namely a 4π electron rich diene and a 2π electron poor 
dienophile (Figure 1). The Diels-Alder reactions are known to proceed with high 
efficiency and high degree of predictable regio- and stereoselectivity. 
Figure 1: The Diels-Alder Reaction 
  
High-order cycloaddition reactions represent reactions that usually involve 
reacting partners with more extended π systems (8-10 π electrons). Examples of higher-
order cycloadditions include, [8π + 2π+, [6π + 4π+, [4π + 4π+, and [6π + 2π+ cycloaddition 
reactions (Figure 2).3 
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Figure 2: Examples of Higher-Order Cycloadditions 
 
Although higher-order cycloaddition reactions exhibit the desirable 
characteristics afforded by a Diels-Alder reaction, they are not typically efficient 
reactions due to a lack of periselectivity between reacting partners, i.e. the extended π-
systems in the reacting partners are frequently prone to participating in multiple, 
competitive pericyclic processes that afford several products, none of them 
predominating (Figure 3).4 
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Figure 3: Example of Higher-Order Cycloaddition Reaction 
 
One important aspect concerning the application of higher-order cycloaddition 
reactions in the total synthesis of natural products is the fact that they usually give 
access to medium to large-sized ring systems that are difficult or impossible to make by 
conventional methods. These ring systems are usually well represented by complex 
polycyclic natural products.  
Higher-order cycloaddition reactions have been employed by Rigby and co-
workers for the total synthesis of many biologically active natural products. For 
example, the thermally allowed [6π + 4π] cycloaddition of tropones with dienes has 
been used to build the cis-fused bicyclo[4.4.1]undecane system comprising rings B and C 
of the highly oxygenated tumor promoting diterpene Ingenol 1 (Figure 4).5 
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Figure 4: Ingenol Structure 
 
Many elegant approaches have been proposed by Rigby and coworkers for the 
total synthesis of Ingenol 1. These approaches rely mainly on the thermally allowed 
inter- and intramolecular [6π + 4π] cycloadditions.  
In the intermolecular approach, tropone 2 and 1-acetoxybutadiene 3 were used 
to construct the [4.4.1] bicyclic compound 4. Further manipulations including 
bridgehead enolate alkylation, Michael addition, aldol condensation and 
cyclopropanation, produced the tetracyclic isoingenane system 7 (Scheme 1). 
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Scheme 1: Intermolecular *6π + 4π+ Cycloaddition Reaction 
 
 
By using the thermally allowed intramolecular [6π + 4π] cycloaddition, Rigby and 
co-workers were able to build the ingenane tricyclic framework 10 in a very convergent 
fashion (Scheme 2).6 
Scheme 2: Intramolecular *6π + 4π+ Cycloaddition Reaction 
 
 
B. Transition Metal Mediated Higher Order Cycloaddition Reactions  
In order to promote the higher-order cycloaddition reactions in a peri- and 
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stereoselective manner, Rigby and coworkers investigated the incorporation of a metal 
center that could play the role of a template prior to the bond forming cycloaddition 
event. The metal center template would render the reaction intramolecular in nature by 
precomplexing the cycloaddition reaction partners (Figure 5). 
Figure 5: Metal Template Model 
 
It was proposed that this approach would inhibit the competitive pericyclic 
processes that are associated with such reactions in favor of the higher-order pathway. 
The idea of using transition metals in promoting higher-order cycloaddition 
reactions has been extensively studied by organic chemists during the last few decades. 
For example, Wender and coworkers have applied the concept of higher-order 
cycloaddition in the total synthesis of (+)-asteriscanolide 16. The nickel-promoted 
intramolecular [4π + 4π] cycloaddition was the key step for the completion of the target 
molecule synthesis (Scheme 3).7 
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Scheme 3: Wender’s *4π + 4π+ Cycloaddition Reaction 
 
B.1. Chromium(0)-Mediated [6π + 2π] Cycloaddition Reactions of Cyclic 
Trienes 
Transition metals like Fe, Ru, Mo, and Ti have been used earlier to facilitate the 
[6π + 2π+ cycloaddition of cyclic trienes with alkynes.8 Pettit and co-workers were among 
the first to report on the metal mediated [6π + 2π+ cycloaddition reaction. They found 
that when the (η4-1,3,5-cycloheptatriene)-tricarbonyliron(0) 17 complex was irradiated 
in the presence of dimethylacetylene dicarboxylate (DMAD) 18, the [6π + 2π+ 
cycloadduct 19 was obtained in low yield (Scheme 4).9 
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Scheme 4: Pettit’s *6π + 2π+ Cycloaddition Reaction 
 
In subsequent work on the metal mediated [6π + 2π+ cycloaddition reaction, a 
catalyst system derived from TiCl4 and Et2AlCl (Ziegler catalyst) was discovered by Mach 
and co-workers.10 This catalyst system proved to be very effective in promoting the 
cycloaddition of cycloheptatriene 20 with olefins and alkynes (Scheme 5). 
Scheme 5: Mach’s *6π + 2π+ Cycloaddition Reaction 
 
With the great success of the [6π + 4π+ chromium(0)-promoted cycloaddition 
methodology in giving access to the bicyclo[4.4.1]undecane systems and its application 
in the total synthesis of complex natural products (vide-supra), Rigby and coworkers 
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discovered and implemented the analogous [6π + 2π+ chromium (0)-promoted 
cycloaddition reaction.11 This metal-promoted cycloaddition reaction afforded excellent 
yields of the corresponding bicyclo[4.2.1]nonane adducts 27-30 (Scheme 6). 
Scheme 6: Rigby’s *6π + 2π+ Cycloaddition Reaction 
 
These reactions have shown high degree of stereoselectivity in the cycloaddition 
event, as only those products derived from an endo transition state were isolated.  
The Chromium-mediated [6π + 2π+ cycloaddition reaction leads to quite 
remarkable asymmetric induction when either chiral olefins 32, or selective 
complexation of one face of the substituted triene were employed (Scheme 7).12 
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Scheme 7: Asymmetric Induction 
 
Further studies have expanded the scope of the reaction to include heterocycles 
as 6π partners. For example, the reaction of azepine complexes 34 proceeded smoothly 
to afford the desired 9-azabicylo[4.2.1]nonanes 36. This reaction was cleverly used in 
the total synthesis of the tropane alkaloid (+)-ferruginine 37 (Scheme 8).13 
Scheme 8: Heterocycles as 6π reaction partners 
 
It has been shown that the chromium-promoted [6π + 2π+ cycloaddition was not 
only limited to using alkenes as a 2π reaction partner, the scope of this reaction has 
been extended to include heterocumulenes (isocyanates and ketenes) as 2π partners 
11 
 
 
 
(Scheme 9).14 
Scheme 9: Heterocumulenes as 2π reaction partners 
 
In addition, it has been shown that the chromium-mediated [6π + 2π+ 
cycloaddition reaction was not limited to cycloheptatriene as 6π reacting partner, 1,3,5-
cyclooctatriene 39 and 1,3,5,7-cyclooctatetraene 42 were evaluated under 
photochemical or thermal conditions to afford the corresponding bicyclo[4.2.2]decane 
cycloadducts in moderate yields (Scheme 10).15 
Scheme 10: Cyclooctatetaenes and Cyclooctatrienes as 6π reaction partners 
 
The synthetic utility of these transformations has been greatly enhanced by 
12 
 
 
 
introducing their catalytic versions (Scheme 11).16 
Scheme 11: Catalytic Version of *6π + 2π+ Cycloaddition Reaction 
 
It was suggested that the metal center played the role of a “precatalyst” in 
promoting these reactions by forming the active catalytic species 48 during the course 
of the reaction. A catalytic cycle for this reaction  has been proposed, where solvent 
coordination is believed to play a major role in initiating the ligand exchange and to 
decomplex the resultant cycloadduct metal tricarbonyl complex and recycle the metal in 
the form of a very reactive “Cr(CO)3” transfer reagent (Scheme 12).
17 
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Scheme 12: Postulated Catalytic Cycle 
 
B.2. Chromium(0)-Mediated [6π + 2π + 2π] Cycloaddition Reactions of Cyclic 
Trienes 
It was found by Rigby and coworkers that cycloadducts like 52 could be obtained 
when reacting cyclic triene 50 with the terminal alkyne trimethylsilyl acetylene 51 in 
high yield (Scheme 13).18 
Scheme 13: *6π + 2π +2π+ Cycloaddition Reaction 
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This reaction has been termed a [6π + 2π + 2π+ cycloaddition, due to the fact that 
the cycloadduct 52 can be viewed as the result of two consecutive [6π + 2π+ 
cycloaddition reactions. This reaction has gained great interest by our group since 
functionally elaborate advanced intermediates can be prepared in a single chemical 
operation. It is noteworthy that in this chemical operation five bonds, three rings and six 
stereogenic centers are created. 
Chromium-mediated [6π + 2π + 2π] cycloaddition reactions were initiated by 
Rigby and coworkers in 1991, shortly after Sheridan group reported similar observations 
(Scheme 14).19 
Scheme 14: *6π + 2π +2π+ Cycloaddition Reaction 
 
A postulated mechanism for the formation of the [6π + 2π +2 π+ cycloadduct was 
proposed (Figure 6). It is believed that, after the initial [6π + 2π] cycloaddition reaction, 
the chromium template remains complexed to the new 6π system, followed by a second 
[6π + 2π] cycloaddition reaction with another equivalent of alkyne. 
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Figure 6: Postulated [6π + 2π +2 π+ Cycloaddition Reaction Mechanism 
 
In addition to the reactions of cyclic trienes with alkynes, other reaction partners 
such as tethered alkynes 53 were also tested (Scheme 15).20 
Scheme 15: *6π + 2π +2π+ Cycloaddition Reaction Using Tethered Diynes 
 
 
 
Rigby and coworkers have demonstrated the use of chromium (0)-mediated 
higher order cycloaddition reactions to synthesize complex natural products and ring 
systems which are difficult or impossible to make by conventional methods. The use of 
[6π + 2π + 2π+ cycloaddition reaction as the key step in a highly convergent manner to 
16 
 
 
 
achieve the total synthesis of the angular triquinane natural product 9-epi-pentalenic 
acid 48 is just one such example.21 The retro-synthetic analysis for the total synthesis of 
9-epi-pentalenic acid 59 is shown below (Scheme 16).  
Scheme 16: Retrosynthetic Analysis for The Total Synthesis of 9-epi-pentalenic acid 
 
 
C. THESIS STATEMENT 
Natural products have continued to be a major source of drugs and drug 
candidates, and natural products with significant biological activity have long been the 
main targets of synthetic organic chemists. The main focus of our research group is the 
development and examination of novel methods targeted for the production of natural 
products or ring systems of biological importance.  
High-order chromium (0) mediated cycloaddition reactions like chromium (0)-
17 
 
 
 
mediated [6π + 4π+, [6π + 2π+ and [6π + 2π+ 2π+ have been developed and extensively 
studied by our group during the last two decades. These reactions have proven to be an 
excellent tool for approaching the total synthesis of many natural products. For 
instance, the chromium (0) mediated [6π + 2π+ cycloaddition reaction between a cyclic 
triene and an alkyne has proven to be very efficient in forming functionally elaborated 
cycloadducts containing the [7.5.5.3] carbon skeleton, vide supra (Scheme 13).  
The main theme of this thesis involves the development and investigation of 
chromium (0) mediated *6π + 2π+ and *6π + 2π + 2π+ cycloaddition reactions between 
cyclic trienes and alkynes, and its application for the total synthesis of complex natural 
products. 
The following chapter describes the application of Cr (0)-mediated *6π + 2π+ 
cycloaddition reactions in studies directed toward the total synthesis of ∆ 9(12) –
Capnellene (Figure 7).  
Figure 7: Structure of ∆9(12) –Capnellene 
 
 
 
 
 
The main structural feature of this natural product is the linear triquinane 
system, i.e. the linear [5.5.5] ring system. In this chapter, we will discuss our efforts 
18 
 
 
 
directed towards the synthesis of the [5.5.5] ring system, and later on towards the total 
synthesis of the natural product ∆ 9(12) –Capnellene.  
The third chapter describes an interesting application of the chromium (0) 
mediated [6π + 2π+ cycloaddition reaction in studies directed toward the total synthesis 
of Echinopines A and B (Figure 8). 
Figure 8: Structures of Echinopines A and B 
 
We were attracted by the unique and fascinating ring system in Echinopines A 
and B, which features the unprecedented [3.5.5.7] carbon framework. Our thoughts 
were directed originally into applying our novel chromium (0) mediated [6π + 2π+ 
cycloaddition reaction to build the ring system framework of this natural product.  
In chapter 3, we will discuss different approaches, where different alkynes and 
cyclic trienes will be evaluated and depending on the outcomes of these approaches we 
will draw some conclusions and choose the best approach that will be pursued in the 
total synthesis of the natural product. 
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The last chapter will be specified for conclusions, and it will be divided into two 
parts. The first part will be a summary about the work that has been done, the results 
that were achieved, and the problems that we have faced. The second part will be about 
future directions, the next steps that will be taken in order to finish the projects in hand, 
and suggesting some modifications that I believe would achieve the goals that are aimed 
for these projects. 
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CHAPTER 2 
APPLICATION OF Cr (0)-MEDIATED [6π + 2π] CYCLOADDITION REACTIONS: STUDIES 
TOWARD THE TOTAL SYNTHESIS OF ∆ 9(12) –CAPNELLENE 
 
A. Introduction 
Chromium promoted *6π + 2π+ cycloaddition methodologies developed in our 
laboratory have shown great success in providing rapid access to elaborate polycyclic 
systems with high levels of regio- and stereoselectivity. Our efforts were directed 
towards applying this methodology to the total synthesis of  ∆ 9(12) –Capnellene 60 
(Figure 9). 
Figure 9: ∆ 9(12) –Capnellene Structure 
 
B. Background  
Linear triquinane Sesquiterpenoids from marine natural resources have gained a 
lot of interest from synthetic organic chemists during the last two decades. A member 
of this class is the structurally interesting compound ∆ 9(12) –Capnellene 60 which was 
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isolated from the soft coral Capnella imbricate.22 
B.1. Previous Approaches to the Total Synthesis of ∆ 9(12) –Capnellene 
 A variety of efficient approaches have been reported recently for the total 
synthesis of ∆ 9(12) –Capnellene 60.23 We have elected three total syntheses to discuss in 
detail, namely the work done by Paquette, Curran, and Gandon. 
B.1.1. Paquette’s Approach 
 
 
The first total synthesis of ∆ 9(12) –Capnellene 60 was published by Paquette and 
coworkers in 1981.24 The synthesis was pursued through successive annulation of two of 
the three five membered rings onto a pre-existing cyclopentenyl carboxaldehyde.  
The well known cyclopentenyl carboxaldehyde 61 was subjected to the addition 
of vinyl magnesium bromide and the corresponding dienol 62 was oxidized using 
manganese dioxide. Nazarov cyclization of the dienone 62, catalyzed by phosphorous 
pentoxide in methanesulfonic acid afforded enone 63. Lithium dimethylcuprate 
conjugate addition furnished the desired product 64 in good yield (Scheme 17). 
Scheme 17: Paquette’s Approach for The Total Synthesis of ∆9(12)-Capnellene 
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Addition of lithium acetylide to the Ketone 64 afforded the propargylic alcohol 
65, which was subjected to the Rupe rearrangement25 conditions giving enone 66 in 
excellent yield.  Enone 66 was reacted with vinyl magnesium bromide and cuprous 
iodide, furnishing compound 67 as the only epimer. Ozonolysis, followed by base 
catalyzed cyclization, hydrogenation, and Wittig olefination afforded the natural 
product ∆ 9(12) –Capnellene 60 as a racemic mixture (Scheme 18). 
 
Scheme 18: Paquette’s Approach: Synthesis Completion 
 
 
 
 
 
 
B.1.2 Curran’s Approach 
 
 
Curran and co-workers were among the first to report on the total synthesis of ∆ 
23 
 
 
 
9(12) –Capnellene 60, they have employed a tandem radical cyclization for the 
construction of two of the three five membered rings in a single step. Their 
retrosynthetic analysis is depicted below (Scheme 19).26 
 
Scheme 19: Curran’s Approach: Total Synthesis of ∆9(12)-Capnellene 
 
 
 
The key transformations in Curran’s synthesis of ∆ 9(12) –Capnellene 60 are 
highlighted below, featuring mainly the Sn2’ opening of the vinyl lactone 70 which set 
the stage for the radical cyclization process. 
The synthesis began with vinyl lactone 70 which was readily converted to lactone 
derivative 73 in three steps. The lactone ring in 70 was opened using MeMgBr / CuBr 
giving the carboxylic acid 71, followed by iodolactonization and elimination (Scheme 
20).  
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Scheme 20: Curran’s Approach: Precursor Synthesis 
 
 
 
 
B.1.2.1. Sn2’-Anti Opening of The Vinyl Lactone 
 
 
At this stage of the synthesis it was crucial to develop a strategy in order to 
install the proper regio- and stereochemical relationships for ∆ 9(12) –Capnellene 60.  
Sn2’- anti ring opening was employed to address this issue. The Grignard addition of 74 
to the vinyl lactone 73 afforded the anti product 75 as the major regio- and 
stereoisomer. The carbon side chain was extended by two carbons following a four step 
reaction sequence giving compound 78. Jones reagent addition effected the cleavage of 
the ketal functional group and the subsequent oxidation of the formed aldehyde to the 
corresponding acid. Esterification using diazomethane gave the ester 78. Excess addition 
of methyl magnesium bromide, gave the tertiary alcohol 79, which was converted to the 
corresponding bromide 80. The bromide was cyclized under standard radical conditions 
giving the natural product ∆ 9(12) –Capnellene 60 in 8 % overall yield from the vinyl 
lactone 70 (Scheme 21).  
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Scheme 21: Curran’s Approach: Synthesis Completion 
 
 
 
B.1.3 Gandon, Fensterbank and Malacria’s Approach 
 
Gandon, Fensterbank and Malacria, have recently reported the application of 
gold catalyzed cycloisomerization of ene vinylallenes to the total synthesis of ∆ 9(12) –
Capnellene 60.27 Their retrosynthetic analysis is depicted below (Scheme 22). 
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Scheme 22: Gandon, Festerbanch, and Malarcia’s Approach:  
Total Synthesis of ∆9(12) Capnellene 
 
 
 
 
 
 
It was anticipated that the propargyl acetate intermediate 87 could rearrange to 
the corresponding allenyl ester, and further to the more elaborated polycyclic 
intermediate 92 under gold catalysis.  
 
B.1.3.1 Gandon, Fensterbank and Malacria’s Capnellene Synthesis  
 
 
Treatment of 2,2-dimethylpent-4-enal 81 with the lithium salt of trimethylsilyl 
acetylene, followed by methanol in the presence of catalytic amount of potassium 
carbonate furnished the propargyl alcohol 82 in excellent yield. Sonogashira coupling 
between propargyl alcohol 82 and 3-iodocyclopent-2-enone 83 afforded the enynol 84. 
The alcohol was esterified using acetic anhydride and DMAP and triethyl amine. 
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Reduction of the ketone moiety using methanolic solution of sodium borohydride gave a 
racemic mixture of the corresponding alcohol which was protected as tert-
butyldimethylsilyl ether 85. The linear triquinane product 86 was obtained in excellent 
yield by using the gold catalyzed cycloisomerization reaction and hydrolysis (Scheme 
23). 
Scheme 23: Synthesis of Intermediate 86 
 
 
 
B.1.3.2. Cycloisomerization of Enyl Acetates 
 
 
Malacria and his co-workers took advantage of the well known 3,3-
rearrangement of the  enyl acetate 87 catalyzed by gold. This rearrangement featured 
many impressive transformations including cycloisomerization, metalla-nazarov and 
electrophilic cyclopropanation (Scheme 24).  
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Scheme 24: Cycloisomerization Mechanism 
 
 
B.1.3.3 Gandon, Fensterbank and Malacria’s Synthesis Completion 
The racemic mixture of ketones 86 was subjected to lithium aluminum hydride 
reduction giving alcohol 93 in excellent yield. The cyclopropane moiety was reduced by 
hydrogenation over platinum oxide. The reduction took place at the less hindered bond 
of the cyclopropane moiety, giving only one regioisomer. Deoxygenation, using the 
Barton-McCombie conditions, afforded the reduced product 94. Further functional 
group manipulations, including TBAF silyl deprotection, Dess-Martin Periodinane 
oxidation and Wittig methylenation afforded the natural product ∆ 9(12) –Capnellene 60 
in good yield (Scheme 25). 
 
 
29 
 
 
 
Scheme 25: Synthesis Completion 
 
 
 
Malacria and his co-workers have cleverly established a gold-catalyzed 
cycloisomerization protocol for the synthesis of polycyclic frameworks, and they were 
able to apply this methodology efficiently to the total synthesis of ∆ 9(12) –Capnellene 60. 
 
C. Results and Discussion 
High order cycloaddition reactions, especially [6π + 2π+ cycloaddition reactions, 
are considered to be synthetically attractive processes. The high efficiency and the high 
degree of regio- and stereoselctivity, have attracted our group to employ these 
reactions in the total synthesis of synthetically challenging natural products.  
The photochemical *6π + 2π + 2 π+ have been used efficiently by our group as the 
major key step in the total synthesis of the angular triquinane natural product 9-epi-
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pentalenic acid 55 (vide-supra) in a very convergent manner (Scheme 16). Encouraged 
by these results we decided to pursue the total synthesis of the linear triquinane ∆ 9(12) –
Capnellene 60 using a similar approach. 
We have developed a synthetic route to construct triquinane skeletons using 
two consecutive Cr(0)-mediated *6π + 2π+ cycloaddition reactions. The retrosynthetic 
analysis for the synthesis of ∆ 9(12) –Capnellene 60 is shown below (Scheme 26).  
Scheme 26: Rigby’s Approach: Total Synthesis of ∆9(12)-Capnellene 
 
Retrosynthetic analysis showed that compound 104 could be a suitable 
candidate for the total synthesis of the target molecule 60. Our efforts were directed to 
the synthesis of this intermediate. The reaction of the chromium complexed 
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cycloheptatriene 24 with 1-trimethylsilyl-1-propyne 96 followed by a homo *6π + 2π+ 
cycloaddition with a suitable alkyne bearing a group (X) at the chain terminal that can 
initiate a radical cyclization was suggested (Figure 10). 
Figure 10: Proposed Bond Cleavage 
 
 
 
C.1. Model Study 
In order to test the feasibility of the retrosynthetic analysis depicted in Scheme 
26, a model study was initiated by a former graduate student in our lab starting with 
(cycloheptatriene)tricarbonylchromium(0) 24. His preliminary results are summarized 
below (Scheme 27).28 
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Scheme 27: Rigby’s Approach: Model Study 
 
Photochemical *6π + 2π+ cycloaddition of the (cycloheptatriene)-tricarbonyl-
chromium (0) 24 and 1-trimethylsilyl-1-propyne 96 afforded the desired chromium 
complex 97 in good yield. Subsequent irradiation of the chromium complex 97 in the 
presence of 1-trimethylsilyloxy-3-butyne 98 gave a crude mixture of the desired 
cycloadduct, as a single regioisomer, which was treated with 2N acetic acid to affect the 
deprotection of the silyl group. The alcohol cycloadduct 99 was obtained in 70 % yield 
over two steps. The iodo compound 100 was obtained in moderate yield after treating 
the alcohol with PPh3, imidazole and I2. The radical precursor intermediate 100 was 
subjected to standard radical cyclization conditions (Scheme 28). 
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Scheme 28: Radical Cyclization 
 
Mixing of iodide 100 with tributyltinhydride and AIBN in refluxing benzene, gave 
only reduced products 101 in moderate yield. Slow addition of a solution of 
tributyltinhydride, AIBN in benzene using a syringe pump to a refluxing solution of 
iodide 100 in benzene gave the desired product 102 in moderate yield.  
The structure of compound 102 was confirmed by obtaining the X-ray crystal 
structure of the corresponding tetrahydroxyl compound 103, after dihydroxylation of 
the two double bonds using osmium tetroxide (Scheme 29). 
Scheme 29: Dihydroxylation of Compound 102 
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C.2. Modification of the Previous Route 
It was clear that although the previous synthetic route gave the linear triquinane 
framework 102 in relatively few steps, still some modifications have to be made in order 
for us to be able to cleave the seven membered-ring in 102 selectively using oxidative 
conditions. 
In order to solve the problems that arise in the previous route, we thought of 
protecting one of the two double bonds present in the alcohol compound 99 (Scheme 
30). In order to accomplish this, we thought of using the homoallylic alcohol 
functionality that is present in this intermediate and applying Sharpless epoxidation 
conditions.29 Once the double bond is protected in the epoxide form, intermediate 108 
could be obtained by radical cyclization. Oxidative cleavage of the double bond in 108 
and further functional group manipulation reactions would complete the total synthesis 
of the target molecule 60 (Scheme 30). 
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Scheme 30: Rigby’s Approach: Synthesis Modifications 
 
After screening many reaction conditions, the route below gave us the best 
results, where we were able to get the triquinane carbon skeleton in fairly good yield 
and relatively few steps (Scheme 31). 
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Scheme 31: Rigby’s Approach: Tandem *6π + 2π+ Cycloaddition Reaction 
 
Photochemical *6π + 2π+ cycloaddition of the (cycloheptatriene)-tricarbonyl-
chromium (0) 24 and 1-trimethylsilyl-1-propyne 96 afforded the desired chromium 
complex 97 in excellent yield. Subsequent irradiation of the chromium complex 12 in the 
presence of t-butyldimethylsilyloxy-3-butyne 111 gave a crude mixture of the desired 
cycloadduct, as a single regioisomer, which was treated with IM solution of TBAF to 
affect the deprotection of the silyl group. The alcohol cycloadduct 99 was obtained in 72 
% yield over two steps. Epoxidation of the homo-allylic alcohol 99 under Sharpless 
epoxidation conditions afforded epoxide 106 in excellent yield. 
Unlike the previous study, the formation of the iodo compound 107 was 
troublesome and less efficient. Upon treatment of the alcohol with PPh3, imidazole and 
I2, other competing reactions took place, which explains the low efficiency of this 
reaction (Scheme 32). 
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Scheme 32: Radical Precursor Synthesis 
 
The formation of the undesired product 112 could be explained mechanistically 
by an elimination-substitution sequence (Figure 11). 
Figure 11: Elimination-Substitution Sequence 
 
An alternative route was pursued, where we decided to have the radical 
precursor intermediate in the form of xanthate. The formation of the xanthates starting 
from alcohol intermediates usually requires the use of sodium hydride, where the most 
acidic proton (OH) is abstracted and the corresponding alkoxide is trapped with carbon 
disulfide, and the product is quenched with methyl iodide. In this scenario, the previous 
competing reactions are eliminated and the radical cyclization precursor 113 was 
obtained in excellent yield. The radical precursor intermediate 113 was subjected to 
standard radical cyclization conditions. Slow addition of a solution of tributyltinhydride, 
AIBN in benzene using a syringe pump to a solution of xanthate in benzene, the cyclized 
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product 108 was obtained in excellent yield (Scheme 33). 
Scheme 33: Radical Cyclization 
 
The structure of compound 108 was confirmed by getting the x-ray structure of 
its corresponding diol 206 after dihydroxylation (Figure 12). 
Figure 12: X-ray Structure of Compound 206 
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Ozonolysis was elected for the oxidative cleavage of the double bond in 108. 
When the cyclized product 108 was treated with O3 (Et3N, DCM, -78 
ᴏC), a mixture of 
two products were isolated 114a and 114b. The formation of compound 114b is the 
result of an intramolecular aldol cyclization reaction of compound 114a in the presence 
of Et3N (Scheme 34). Treatment of the cyclized product 108 with O3 (PPh3, DCM, -78 
ᴏC) 
is expected to give exclusively the dialdehyde compound 114a. 
Scheme 34: Oxidative Cleavage 
 
With the success of our model studies in forming the linear triquinane carbon 
skeleton of ∆ 9(12) –Capnellene 60, we decided to pursue the total synthesis of this 
natural product by replacing the commercially available cycloheptatriene with the 
synthesized 7,7-dimethyl-1,3,5-cycloheptatrine 118. 
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C.3. Synthesis of 7,7-Dimethyl-1,3,5-Cycloheptatriene 
C.3.1. First Method 
A convenient method for the preparation of the 7,7-dimethyl-1,3,5-
cycloheptatrine 118 was reported earlier by our group (Scheme 35).30 
Scheme 35: Synthesis of 7,7-dimethyl-1,3,5-cycloheptatriene 
 
The four step synthesis started with dibromocarbene insertion on the 
commercially available 1,4-cyclohexadiene 115 giving the cyclopropane intermediate 
116 in moderate yield. Substitution of the bromo groups with methyl groups using a 
cuprate reagent afforded the gem-dimethylcyclopropane compound. The gem-
dimethylcyclopropane compound was not isolated, and was transformed to the 
dibromo compound 117 using Br2 in CCl4. Treatment of the dibromo compound 117 
with DBU and excess Et3N in dry THF afforded the 7,7-dimethyl-1,3,5-cycloheptatriene 
118 in good yield. 
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Although the previous method was successful in affording the 7,7-dimethyl-
1,3,5-cycloheptatriene 118 in good yield, it suffers from many practically challenging 
reactions that make it less attractive for us for large scale synthesis. For instance, the 
halogen exchange step required a huge amount of methyl lithium and copper cyanide 
and it is well known that these reagents are not easy to handle in large quantities. 
Furthermore, this step required stirring at 0 ᴏC for two days, and the last step required 
refluxing for three days. For large scale quantities it was not very convenient to pursue 
this method, and an alternative route was needed for the preparation of the 7,7-
dimethyl-1,3,5-cycloheptatriene 118. 
C.3.2. Second Method 
While working on scaling up the synthesis the 7,7-dimethyl-1,3,5-
cycloheptatriene 118 using the previous method, we were looking for a more 
convenient way that requires less time and effort in order to be able to make gram 
quantities. The results below reflect our ongoing efforts to make the target compound 
(Scheme 36).  
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Scheme 36: Synthesis of 7,7-dimethyl-1,3,5-cycloheptatriene: Second Method 
 
The synthesis started with the formation of 7-cyanocycloheptatriene 120 using 
tropylium tetrafluoroborate 119 and sodium cyanide in water. The reaction of 7-
cyanocycloheptatrine 120 with butyl lithium followed by trapping the lithiated 
intermediate with methyl iodide afforded the 7-cyano-7-methyl cycloheptatriene 121. 
Alkaline hydrolysis of the cyano group afforded the corresponding acid 122 which was 
subjected to lithium aluminum hydride reduction to give alcohol 123. 
At this stage we can either reduce the alcohol down to the corresponding methyl 
group to get the product 118 or we can protect the alcohol and pursue the synthesis 
with the protected intermediate and try to use this alcohol in late stages of the 
synthesis. 
With the previous success that we had in the model study towards the formation 
of the triquinane carbon skeleton of ∆ 9(12)-Capnellene 60 and the 7,7-dimethyl-1,3,5-
cycloheptatriene 118, we are  hoping that we will be able to use these results to finish 
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the total synthesis of 60 soon.  
D. Conclusion 
The large family of triquinane has been a very attractive synthetic target since 
their first isolation. The linear triquinane ∆ 9(12) –Capnellene 60 has been synthesized by 
different groups in racemic and enantioselective fashion in the past. 
Our efforts to explore the use of the chromium mediated *6π + 2π+ cycloaddition 
reaction between cyclic triene and alkynes in studies directed towards the total 
synthesis of the linear triquinane ∆ 9(12) –Capnellene 60 have shown great success. The 
model studies that we have conducted have proven to be effective in constructing the 
ring system of the natural product in a very elegant way. We believe that this 
methodology looks very promising at this time, and we hope that with conjugated 
efforts, we will be able to finish the total synthesis of ∆ 9(12) –Capnellene 60 in a very 
efficient manner. 
E. Experimental  
             General  
All reactions were carried out under an atmosphere of argon in oven-dried 
glassware with magnetic stirring, unless otherwise indicated. All reagents and solvents 
were of commercial grade and were used as received without further purification unless 
otherwise noted. 
44 
 
 
 
Flash chromatography was performed with Whatman silica gel (Purasil 60 Å, 
230-400 Mesh). Analytical thin-layer chromatography was performed with 0.25 mm 
coated commercial silica gel plates (EMD, Silica Gel 60F254). Melting points were 
obtained on a Thomas-Hoover apparatus in open capillary tubes and are uncorrected. 
Proton nuclear magnetic resonance (1H NMR) was acquired on 400 MHz Varian Mercury 
or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance resulting from incomplete deuteration as 
the internal reference (CDCl3: δ 7.24). Splitting patterns are designated as: s, singlet; d, 
doublet; dd, doublet of doublet; dt, doublet of triplet; t, triplet; q, quartet; m, multiplet. 
Carbon-13 nuclear magnetic resonance (13C NMR) data were acquired on 400 MHz 
Varian Mercury or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent as the internal reference (CDCl3: δ 77.00 ppm). 
Infrared (IR) spectra were recorded on Perkin Elmer Spectrum RX-1 FT-IR system, ʋmax in 
cm-1. High resonance mass spectrometry (HRMS) data were recorded on a Micromass 
GCT using a solid state probe. Elemental analyses (Anal.) were performed by Atlantic 
Microlab, Inc. in Norcross, Georgia. 
             Materials 
All reagents and solvents were of commercial grade and were used as received 
without further purification unless otherwise noted. Tetrahydrofuran (THF) and diethyl 
ether (Et2O) were distilled from sodium benzophenone ketyl under an argon 
atmosphere prior to use. Methylene Chloride (CH2Cl2), acetonitrile (CH3CN), benzene, 
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toluene and triethylamine (Et3N) were distilled from calcium hydride under an Argon 
atmosphere. All non-volatile samples were dried under vacuum to a constant weight at 
ambient temperature (0.3-0.4 mmHg) following the removal of solvents under reduced 
pressure. 
 
(η6-cycloheptatriene) tricarbonylchromium(0) complex (24) 
In a three-neck round bottom flask equipped with a reflux condenser and 
protected from light with an aluminum foil, a solution of cycloheptatriene (11.5 ml, 100 
mmols) in a mixture of n-dibutyl ether (240 ml) and THF (20 ml) was heated at 100 ᴏC for 
20 min. Cr(CO)6 (11 g, 50 mmols) was added, and the mixture was refluxed (150 
ᴏC) for 
40 h. During the reflux, Cr(CO)6 which sublimes into the water condenser was scraped 
back into the reaction vessel. The mixture was allowed to cool to rt, filtered through a 
pad of celite, and concentrated. The crude residue was purified by flash 
chromatography on SiO2 (pentane/EtOAc, 100:0 to 98:2) to give 10.06 g (88 %) of 
product 24 as a red solid: Melting point 130-132 ᴏC. 
Rf 0.31 (pentane/EtOAc, 98:2); IR (CCl4): 1988, 1922, 1896 cm
-1; 1H NMR (400 
MHz, CDCl3): δ = 6.06-6.02 (m, 2H), 4.86-4.78 (m, 2H), 3.35 (td, J = 8.8, 3.2 Hz, 2H), 2.93 
(dt, J = 14.0, 8.8 Hz, 1H), 1.74 (br dt, J = 14.8, 3.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ = 
232.0, 101.0, 98.1, 56.6, 24.06; HRMS (ESI): m/z calcd for C10H8CrO3: 227.9898 found: 
46 
 
 
 
227.9882. 
 
 
Trimethyl-[(2Z,4Z)-8-methylbicyclo[4.2.1]nona-2,4,7-trien-7-yl]silane 
chromiumtricarbonylcomplex (97) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (912 mg, 4 mmols) and trimethylsilylpropyne 96 (566 mg, 5 
mmols) in hexanes (1.1 L) was irradiated for 2.5 h with a Canrad-Hanovia 450 W 
medium-pressure mercury vapor lamp under nitrogen bubbling and stirring. The 
resulting solution was filtered through a pad of celite and the cake washed with 
hexanes. The filtrate was concentrated and the crude red solid was purified by flash 
chromatography on SiO2 (hexane/EtOAc = 100:0, then 90:10) giving 873 mg (64%) of 
complex product 97 as red solid, as well as 152 mg (19%) of decomplexed product: 
Melting Point 123-124 ᴏC. 
Rf 0.75 (pentane/EtOAc, 90:10); IR (KBr): 1947, 1852 (Cr(C=O)3), 835 cm
-1 (C-Si); 
1H NMR (400 MHz, CDCl3): δ = 5.2 (dd, J = 8.4, 6.8 Hz, 1H), 4.62 (dd, J = 8.8, 6.8 Hz, 1H), 
3.67-3.60 (m, 2H), 3.32 (t, J = 7.2 Hz, 1H), 3.11 ( t, J = 7.2 Hz, 1H), 2.01 (s, 3H), 1.45-1.39 
(m, 1H), 0.57 (d, J = 12 Hz, 1H), 0.38 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 232.0, 230.5, 
228.2, 94.0, 93.3, 90.9, 69.3, 67.5, 60.5, 45.7, 44.5, 35.0, 18.3, 0.08; HRMS (ESI): m/z 
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calcd for C16H20SiCrO3Na (M+Na
+): 363.0485 found: 363.0487. 
 
4-Methyl-6-(13-hydroxyethyl)-11-trimethylsilyl-tetracyclo-[8.1.0.03,7.04,11]-
undeca-5,8-diene (99) 
 
 In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 97 (802 mg, 2.36 mmols) and (butyn-3-ynyloxy)(tert-
butyl)dimethyl silane 111 (868 mg, 4.72 mmols) in hexanes (1.2 L) was irradiated for 4 h 
with a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under nitrogen 
bubbling and stirring. The resulting green solution was filtered through a pad of celite 
and the cake washed with hexanes. The filtrate was concentrated and the crude residue 
was diluted with THF (5 ml). The solution was cooled to 0 ᴏC, and TBAF (IM in THF, 4.72 
ml, 4.72 mmols) was added dropwise. The mixture was warmed to rt and stirred for 2 h. 
Water (10 ml) was added, and the mixture was extracted with EtOAc (3 x 20 ml). The 
organic extracts were combined, washed with brine, dried over MgSO4, filtered and 
concentrated. The crude residue was purified by flash chromatography on SiO2 
(hexane/EtOAc, 90:10) to afford 873 mg (51%) of alcohol 99 as colorless oil. 
Rf 0.29 (pentane/EtOAc, 90:10); IR (thin film): 3351 (broad OH), 3019, 2952, 
2921, 838 cm-1 (C-Si); 1H NMR (400 MHz, CDCl3): δ = 5.77 (dd, J = 10.8, 7.2 Hz, 1H), 5.63 
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(dd, J = 10.4, 7.2 Hz, 1H), 5.41 (br s, 1H), 3.65 (br s, 1H), 2.64 ( br t, J = 7.2 Hz, 1H), 2.33 
(br t, J = 8.4 Hz, 1H), 2.30-2.21 (m, 2H), 2.08-2.00 (m, 1H), 1.66-1.61 (m, 2H), 1.28 ( s, 
3H), 1.28-1.23 (m, 1H), 0.02 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 145.3, 132.9, 130.5, 
127.9, 61.5, 60.4, 58.0, 50.8, 33.1, 32.0, 30.4, 27.7, 26.5, 26.1, -0.4; HRMS (ESI): m/z 
calcd for C17H260SiNa (M+Na
+): 297.1651 found: 297.1652. 
 
4-Methyl-6-(13-hydroxyethyl)-11-trimethylsilyl-tetracyclo-[8.1.0.03,7.04,11]-
undeca-5,6-epoxy-8-ene (106) 
 
To a solution of alcohol 99 (110 mg, 0.4 mmols) in DCM (4 ml) containing 3Å 
molecular sieves was introduced at rt VO(acac)2 ( 16 mg, 0.06 mmols) followed after 10 
min  by t-BuOOH ( 5.5 M in decane, 87 µL, 0.48 mmols). The resulting mixture was 
stirred at rt for 2 h. Me2S (400 µL) and sat. NH4Cl saturated aqueous solution (1-2 ml) 
were added and the resulting mixture was stirred at rt for 2 more hours. The mixture 
was extracted with DCM (3 X 5 ml). The organic extracts were combined, washed with 
brine, dried over MgSO4, filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 80:20) to give 47 mg (41%) of epoxide 
106 as colorless oil.   
Rf 0.40 (pentane/EtOAc, 70:30); IR (thin film): 3418 (broad OH), 3019, 835 cm
-1 
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(C-Si); 1H NMR (400 MHz, CDCl3): δ = 5.82 (dd, J = 10.8, 7.6 Hz, 1H), 5.54 (dd, J = 10.8, 7.2 
Hz, 1H), 3.70-3.58 (m, 2H), 3.32 (s, 1H), 2.59 (br t, J = 7.6 Hz, 1H), 2.37 (br s, 1H, OH), 
2.20-2.13 (ddd, J = 14.4, 8.4, 5.2 Hz,  1H), 2.00-1.93 (ddd, J = 14.0, 9.2, 4.0 Hz, 1H), 1.90-
1.81 (m, 2H), 1.58 ( dd, J = 8.0, 4.0, Hz, 1H), 1.51 (d, J = 14.0 Hz, 1H), 1.34-1.31 (m, 1H), 
1.32 (s, 3H),  0.07 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 129.2, 124.9, 72.2, 66.2, 59.8, 
57.0, 50.4, 45.5, 31.5, 31.0, 30.9, 25.9,25.8, 22.7, -0.2; HRMS (ESI): m/z 291 [(M+H)], 313 
[(M+Na)+], 603 [(2M+Na)+] calcd for C17H2602SiNa (M+Na
+): 313.1600 found: 313.1600. 
 
 
4-Methyl-6-(13-hydroxyethylmethylxanthate)-11-trimethylsilyl-tetracyclo-
[8.1.0.03,7.04,11]-undeca-5,6-epoxy-8-ene (113) 
 
To a stirred suspension of NaH (10 mg, 0.42 mmols) in THF (5 ml) under N2 
atmosphere at 0 ᴏC, CS2 was added (53.30 mg, 0.7 mmols). After stirring the solution for 
5 min at 0 ᴏC, a solution of the alcohol 106 (100 mg, 0.35 mmols) in THF (5 ml) was 
added followed by the addition of MeI (75.23 mg, 0.53 mmols) dropwise. After stirring 
for 3 h at 0 ᴏC, the mixture was warmed to rt and stirring was continued overnight. The 
solution was quenched by the addition of a saturated aqueous solution of NH4Cl (5 ml) 
and extracted with Et2O (3 x 10 ml). The organic extracts were combined, washed with 
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brine solution (10 ml), dried over MgSO4, filtered and concentrated. The crude residue 
was purified by flash chromatography on SiO2 (hexane/EtOAc, 98:2) to give (110 mg, 
0.29 mmols) of Xanthate 113 as colorless oil. 
Rf 0.82 (pentane/EtOAc, 70:30); IR (thin film): 3015, 1210, 1100, 1050, 835 cm
-1 
(C-Si); 1H NMR (400 MHz, CDCl3): δ = 5.85 (dd, J = 8, 7.2 Hz, 1H), 5.57 (dd, J = 7.2, 6.4 Hz, 
1H), 4.68-4.60  (m, 2H), 3.18 (s, 1H), 2.59 (t, J = 7.6 Hz, 1H), 2.55 (s, 3H), 2.47-2.40 (m, 
1H), 1.99-1.90 (m, 2H), 1.84 (br t, J = 9.2 Hz, 1H), 1.59-1.56 (m, 1H), 1.51 (d, J = 14 Hz, 
1H), 1.33 (s, 3H), 0.07 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 129.5, 124.8, 70.5, 70.1, 
67.4, 57.0, 50.8, 45.2, 31.5, 31.1, 28.4, 26.0, 25.9, 22.7, 19.0, -0.2; HRMS (ESI): m/z calcd 
for C19H28O2S2SiNa
+ (M+Na+): 403.1198 found: 403.1199. 
 
4-Methyl-5,6-epoxy-11-trimethylsilyl-tetracyclo[2.1.03,7.07,804,11]undeca-9-ene 
(108) 
 
To a 0.01 M refluxing solution of xanthate compound 113 (630 mg, 1.66 mmols) 
in benzene (20 ml) was added slowly a solution of n-Bu3SnH (0.88 ml, 3.32 mmols) and 
AIBN (137 mg, 0.83 mmols) in benzene (10 ml) over 2 h using a syringe pump. After 
addition, the mixture was refluxed overnight. The mixture was cooled to rt and 
concentrated. The resulting crude residue was purified by flash chromatography on SiO2 
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(Hexanes/EtOAc, 99:1) to give 388 mg (85 %) of the pentacyclic product 108 as colorless 
oil which solidify upon cooling: Melting Point 57-59 ᴏC. 
Rf 0.38 (pentane/EtOAc, 98:2); 
1H NMR (400 MHz, CDCl3): δ = 5.66 (br t, J = 11.2 
Hz, 1H), 5.20 (d, J = 11.2 Hz, 1H), 3.28 (s, 1H), 2.88-2.83 (q, J = 6.8 Hz, 1H), 2.76 (br m, 
1H), 2.66 (dd, J = 8.8, 6.4 Hz, 1H), 2.15 (br t, J = 8.6, Hz, 1H), 2.08-1.66 (m, 6H), 1.20 (s, 
3H), 1.00 ( d, J = 6.4 Hz, 1H), 0.12 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 134.9, 132.2, 
78.6, 71.2, 56.7, 53.4, 53.3, 46.3, 44.8, 39.8, 36.1, 35.2, 26.2, 23.1, 0.8; HRMS (ESI): m/z 
calcd for C17H27OSi (M+H
+): 275.1831 found 275.1840. 
 
4-Methyl-5,6-epoxy-9,10-dihydroxy-11-trimethylsilyl-tetracyclo-
[2.1.03,7.07,8.04,11] undecane (206) 
 
To a solution of the pentacyclic compound 108 (71 mg, 0.26 mmols) in t-BuOH( 
10 ml) and water (10 ml) was introduced successively methanesulfonamide ( 123 mg, 
1.29 mmols), K2CO3 (107 mg, 0.777 mmols), K3Fe(CN)6 (256 mg, 0.777 mmols), pyridine ( 
63 µL, 0.777 mmols) and OsO4 (20 mg, 0.078 mmols). The resulting mixture was stirred 
at rt for 16 h. A saturated aqueous solution of sodium sulfite Na2SO3 was added, and the 
mixture was extracted with EtOAc (3 x 20 ml). The organic extracts were combined, 
washed with brine solution (20 ml), dried over MgSO4, filtered and concentrated. The 
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crude residue was purified by flash chromatography on SiO2 (hexane/EtOAc, 60:40) to 
give (50 mg, 0.16 mmols) of Diol 206. 
Rf 0.38 (pentane/EtOAc, 50:50); 
1H NMR (400 MHz, CDCl3): δ = 3.97 (br s, 1H), 
3.57 (br d, J = 14.4 Hz, 1H), 2.68-2.61 (br q, J = 9.3 Hz, 1H), 2.50-2.45 (m, 1H), 2.30-1.90 
(m, 9H), 1.56-1.47 (m, 1H), 1.21 (s, 3H), 1.21-1.15 (m, 1H), 0.17 (s, 9H); 13C NMR (100 
MHz, CDCl3): δ = 77.6, 74.2, 69.5, 55.6, 52.0, 49.5, 47.8, 40.8, 40.3, 28.0, 27.5, 27.4, 22.0, 
1.0; HRMS (ESI): m/z calcd for C17H28O3SiNa (M+Na
+): 331.1705 found: 331.1712. 
 
5-hydroxy-2-methyl-8-(trimethylsilyl)decahydro-2,4-methanocyclopenta-
[1,7]indeno-[1,2b]oxirene-5a-carbaldehyde (114b) 
 
Through a solution of 108 (100 mg, 0.37 mmols) in dry DCM (20 ml) at -78 ᴏC was 
passed a stream of ozone in oxygen gas until a blue color persisted. The solution was 
purged with N2 atmosphere for 5 min to flush off the excess ozone. Me2S (1 ml) was 
added to the reaction mixture. Et3N (1 ml) was added to the reaction mixture and 
stirring was continued for 2 h at -78 ᴏC and overnight at rt. Water (10 ml) was added, 
and the mixture was extracted with DCM (3 x 20 ml). The organic extracts were 
combined, washed with brine solution (20 ml), dried over MgSO4, filtered and 
concentrated. The resulting crude residue was purified by flash chromatography on SiO2 
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(Hexanes/EtOAc, 90:10) then (Hexanes/EtOAc, 50:50)   to give 102 mg (56 %) of product 
114b. 
Rf 0.30 (pentane/EtOAc, 90:10); 
1H NMR (400 MHz, CDCl3): δ = 9.38 (s, 1H), 4.68 
(t, J = 7.0 Hz, 1H), 3.56 (s, 1H), 2.76 (d, J = 8.40 Hz, 1H), 2.62 (m, 1H), 2.39 (m, 1H), 2.06 
(m, 1H), 1.95 (m, 2H), 1.84 (m, 2H), 1.40 (m, 1H), 1.25 (m, 2H), 0.80 (d, J = 5.6 Hz, 1H), 
0.16 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 202.1, 75.8, 71.1, 69.5, 54.2, 53.8, 50.8, 
48.5, 45.1, 42.3, 31.4, 25.7, 24.1, 23.9, 2.2; HRMS (ESI): m/z calcd for C17H27O3SiNa 
(M+Na+): 330.163 found: 330.167.  
 
7,7-Dibromobicyclo[4.1.0]hept-3-ene (116) 
To a mixture of 1,4-cyclohexadiene 115 (8.43 g, 105.20 mmol) and t-BuOK (20 g, 
178.22 mmol) in pentane (100 ml) at 0 0C, was introduced bromoform (26.5 g, 104.86 
mmol) over 40 minutes. After stirring for 1 h at 0 0C and 0.5 h at room temperature, the 
mixture was poured into water and extracted with pentane (3 x 30 ml). The organic 
layer was separated, washed with brine solution (20 ml), dried over MgSO4, filtered and 
concentrated. The crude residue, oil and solid, was cooled in an ice bath to form white 
crystals. Small amount of cold ethanol was added and the mixture was filtered. The 
white crystals were washed with cold ethanol and dried. Product 116 was collected as 
white solid 8.50 g (33%): Melting Point 37-38 0C. 
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Rf 0.25 (hexanes/EtOAc 90:10); 
1H NMR (400 MHz, CDCl3): δ = 5.50 (br s, 2H), 
2.43-2.51 (m, 2H), 2.10 (d, J = 17 Hz, 2H), 1.91 (dd, J = 5.3, 2.4 Hz, 2H); 13C NMR (100 
MHz, CDCl3): δ = 122.6, 97.1, 25.2, 21.1. 
 
trans-3,4-Dibromo-7,7-dimethylbicylo[4.1.0]heptane (117) 
CuCN (35.6 g, 397 mmol) was dried by suspending in toluene (70 ml) and 
removing the solvent under high vacuum. This operation was performed three times to 
give dry CuCN. The resultant tan powder was then suspended in dry THF (60 ml) under 
an atmosphere of argon. The slurry was cooled to -78 0C and MeLi (1.6 M in Et2O, 796 
mmol, 497 ml) was added dropwise over a period of 0.5 h. The heterogeneous mixture 
was allowed to warm to 0 0C for 2-3 min and then recooled to -78 0C. Dibromide 116 (10 
g, 394 mmol) was added at -78 0C and stirred with a magnetic stirrer at 0 0C for 48 h. A 
large excess of MeI (20 ml) was added dropwise, and after 10 min the reaction mixture 
was quenched with a 10 % solution of NH4Cl in 28 % ammonia water (50 ml) and 
extracted with Et2O (4 x 150 ml). The organic phase was washed with the 10 % 
NH4Cl/NH4OH solution (4 x 100 ml), saturated aqueous NaHCO3 (3 x 100 ml), and brine 
(3 x 100 ml). The ether was dried over MgSO4 and filtered. Next, CCl4 (100 ml) was 
added, and the ether was carefully removed in vacuo. To this solution was added a 0.65 
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M solution of Br2 in CCl4 (140 ml, 910 mmol) until permanent red-brown color resulted. 
The reaction mixture was washed with saturated aqueous NaHCO3 (3 x 200 ml) and 
dried over MgSO4 and filtered, the solvent was removed in vacuo to give 9.86 g (88%) of 
product 117 as an off-white crystals: Melting Point 47 0C. 
Rf 0.58 (hexanes); IR (CCL4): 2877, 2924, 2964, and 3010 cm
-1; 1H NMR (400 MHz, 
CDCl3): δ = 4.20 (m, 2H), 2.69 (m, 1H), 2.47 (m, 1H), 2.30 (m, 1H), 1.73 (m, 1H), 1.05 (s, 
3H), 1.01(s, 3H), 0.78-0.85 (m, 2H); 13C NMR (100 MHz, CDCl3): δ = 55.3, 54.2, 30.9, 30.7, 
28.2, 20.6, 20.4, 18.3, 15.9. 
 
7,7-Dimethyl-1,3,5-cycloheptatrine (118) 
3,4-dibromo-7,7-dimethylbicyclo[4.1.0]heptanes 117 ( 8.08 g, 28.64 mmol) was 
dissolved in freshly distilled THF ( 200 ml), and Et3N (240 g, 2300 mmol) and DBU ( 34.6 
g, 28 mmol) were added. The resultant solution was heated at 70 0C for 3 d. The 
reaction mixture was cooled to r.t. and extracted with Et2O (3 x 250 ml). The combined 
ether fractions were washed quickly with cold (0-5 0C) 1 % aq. HCl (1 x 100 ml), then 
with saturated aqueous NaHCO3 (2 X 250 ml), and brine (3 x 100 ml). The ether layer 
was dried over MgSO4 and filtered. The solvent was removed under vacuo and the crude 
residue was purified by flash chromatography on SiO2 (hexane) to give 3.40g (70%) of 
product 118 as colorless oil after solvent removal. 
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Rf 0.75 (hexanes); 
1H NMR (400 MHz, CDCl3): δ = 6.48 (m, 2H), 6.12 (m, 2H), 5.20 
(d, J = 9 Hz, 2H), 1.00 (s, 6H); 13C NMR (100 MHz, CDCl3): δ = 134.5, 129.9, 124.2, 35.4, 
25.9. 
 
 
7-Cyano-1,3,5-cycloheptatriene (120) 
 
To a solution of tropylium tetrafluoborate 119 (12.28 g, 69 mmols) in water (450 
ml) was added sodium cyanide granules (6.77 g, 138 mmols) slowly. The reaction 
mixture was stirred at rt for 2 h. The reaction mixture was extracted with EtOAc (3 x 200 
ml). The organic extracts were combined, washed with brine solution (100 ml), dried 
over MgSO4, filtered and concentrated. The crude residue was purified by flash 
chromatography on SiO2 (hexane/EtOAc, 20:80) to give (7.80 g, 66.59 mmols) of product 
120 as colorless oil. 
Rf 0.78 (EtOAc); 
1H NMR (400 MHz, CDCl3): δ = 6.72 (m, 2H), 6.32 (m, 2H), 5.36 
(m, 2H), 2.99 (t, J = 6.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ = 131.3, 127.2, 116.0, 29.7. 
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7-Cyano-7-methyl-1,3,5-cycloheptatriene (121) 
 
7-cyano-1,3-5-cycloheptatrine 120 (7.0 g, 60 mmols) was dissolved in dry THF ( 
150 ml) and TMEDA (10.80 ml, 72 mmols) was added. The resulting solution was cooled 
to -78 0C and n-BuLi (2.5 M in hexane, 26.4 ml, 66 mmols) was added dropwise during 
10 minutes. After stirring for 50 min at  -78 0C, iodomethane (7.50 ml, 120 mmols) was 
added over 5 min and the solution was brought to rt over 1 h. After stirring at rt for 1 h, 
the mixture was poured into water (100 ml) and extracted with Et2O (3 x 100 ml). The 
organic extracts were washed with brine solution (100 ml), dried over MgSO4, filtered 
and concentrated. The crude residue was purified by flash chromatography on SiO2 
(hexanes) to give (6.85 g, 52.20 mmols) of product 121 as colorless oil. 
Rf 0.43 (Hexanes/EtOAc, 90:10); 
1H NMR (400 MHz, CDCl3): δ = 6.79 (m, 2H), 6.34 
(m, 2H), 4.95 (d, J = 8.0 Hz, 2H), 1.75(s, 3H); 13C NMR (100 MHz, CDCl3): δ = 130.9, 126.8, 
120.4, 115.5, 72.7, 24.7. 
 
 
1-methylcyclohepta-2,4,6-trienecarboxylic acid (122) 
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A solution 7-Cyano-7-methyl-1,3,5-cycloheptatriene 121 (6.24 g, 47.64 mmols), 
sodium hydroxide (7.63 g, 190.54 mmols) and water (100 ml) was refluxed for 2.5 h to 
result in a homogeneous solution. The pH of the solution was adjusted to 1 with conc. 
hydrochloric acid and the mixture was extracted with Et2O (3 x 300 ml). The ethereal 
solution was washed with dil. HCl (3%) solution (2 x 200 ml) and brine solution (300 ml). 
The organic extracts were conbined, dried over MgSO4, filtered and concentrated. The 
crude residue was purified by flash chromatography on SiO2 (hexanes) to give (6.59 g, 
43.83 mmols) of product 122 as colorless oil.  
Rf 0.15 (Hexanes/EtOAc, 90:10); 
1H NMR (400 MHz, CDCl3): δ = 6.38 (m, 2H), 6.16 
(m, 2H), 3.81 (m, 2H), 3.48 (m, 1H), 1.05 (s, 3H); 13C NMR (100 MHz, CDCl3): δ = 183.9, 
127.3, 124.8, 115.5, 73.3, 13.5. 
 
 
(1-methylcyclohepta-2,4,6-trien-1-yl)methanol (123) 
To a stirred solution of LAH (1.75 g, 45.91mmols) in dry THF (60 ml) at rt was 
added dropwise a solution of acid 122 (5.31 g, 35.32 mmols) in dry THF (60 ml). After 3 h 
at rt, the solution was cooled to 0 0C and water was added dropwise (20 ml). A 10 % 
solution of HCl (20 ml) was added dropwise and the solution was extracted with Et2O (3 
x 100 ml). The organic extracts were combined, dried over MgSO4, filtered and 
concentrated. The crude residue was purified by flash chromatography on SiO2 
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(hexanes/EtOAc, 80:20) to give (4.19 g, 30.73 mmols) of product 123 as colorless oil. 
Rf 0.50 (Hexanes/EtOAc, 50:50); 
1H NMR (400 MHz, CDCl3): δ = 6.46 (t, J = 3.2 Hz, 
1H), 6.17-6.21 (m, 1H), 5.72-5.84 (m, 2H), 5.54-5.61 (m, 1H), 5.30 (d, J = 12.4 Hz, 1H), 
5.14 (d, J = 10.0 Hz, 1H),  1.10 (s, 3H); 13C NMR (100 MHz, CDCl3): δ = 136.3, 130.7, 
130.3, 129.8, 128.5, 125.5, 71.4, 65.7, 24.5. 
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CHAPTER 3 
APPLICATION OF Cr (0)-MEDIATED [6π + 2π] CYCLOADDITION REACTIONS: STUDIES 
TOWARD THE TOTAL SYNTHESIS OF ECHINOPINES (A) AND (B) 
 
A. Introduction 
As we have discussed in the previous chapters, the Cr (0) mediated *6π + 2π+ 
cycloaddition has proven to be a powerful method for constructing synthetically 
challenging ring systems in a very elegant fashion. For example, we were able to access 
the tetracyclic ring system [7.5.5.3] by using tandem *6π + 2π+ or homo- *6π + 2π+ 
cycloadditions of alkynes with cyclic trienes (vide supra).  
While searching in the literature for molecules or ring systems of significant 
importance that could be potential targets for us, we came across the structurally 
unique ring system present in the sesquiterpene natural products Echinopines A 124 
and B 125 (Figure 13).  
Figure 13: Structures of Echinopines A and B 
 
Our initial goals were to accomplish the total synthesis of Echinopines A 124 and 
B 125 by employing the tandem *6π + 2π+, or the homo *6π + 2π+, or the *6π + 2π + 
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2π+ Cr (0) mediated cycloaddition reaction as the key ring-forming process.  
B. Background 
Echinopines A 124 and B 125 represent two marine natural products that belong 
to the sesquiterpene family. These compounds were isolated from the root of Echinops 
spinosus by a group of scientists in 2008.31 After extensive studies, the structural 
features of these compounds revealed the unique unprecedented [3.5.5.7] carbon 
framework. 
The genus Echinops spinosus has proven to be a good natural resource of many 
bioactive species including polyacetylene thiophenes, alkaloids, flavone glycosides and 
benzothiophene glycosides.32 The biological activity of Echinopines A and B has not been 
evaluated yet due to its limited availability from natural resources, and yet the 
acquisition of these natural products through synthetic methods would perhaps help to 
evaluate their biological activity and understand better their biosynthetic pathways. 
B.1. Previous Approaches to the Total Synthesis of Echinopines A and B 
The unique and fascinating ring system in Echinopines A 124 and B 125, featuring 
the unprecedented [3.5.5.7] carbon framework, has attracted many research groups. 
After its isolation and structure characterization, this sesquiterpene natural product has 
been the object of numerous synthetic studies and it has been considered as a 
challenging target for the development of novel synthetic strategies and methods. Two 
successful total syntheses have been reported in the literature so far.  Magauer, 
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Tiefenbacher and their coworkers reported the first total synthesis of Echinopines A and 
B in 2009, followed by an asymmetric total synthesis by K.C. Nicolaou in 2010. 
B.1.1. Magauer’s and Tiefenbacher Approach: [3,3]-Sigmatropic 
Rearrangement and Ring Closing Metathesis 
The first total synthesis of Echinopines A 124 and B 125 was reported by 
Magauer, Tiefenbacher and their co-workers in 2009.33 Their synthesis featured many 
impressive transformations including a Myers’ *3,3+-sigmatropic rearrangement, ring 
closing metathesis, and homologation of vinyl triflate in order to install the acetic acid 
side chain. Their synthetic route started with an efficient synthesis of the well known 
ketone 127 from 1,5-cyclooctadiene 126 (Scheme 37).  
Scheme 37: Magauer’s-Tiefenbacher’s Approach: Total Synthesis of Echinopines A and B 
 
 
The ring closing metathesis precursor 132 was prepared in a six step sequence of 
reactions starting from the well known ketone 128. Peterson olefination, using methyl-
2-(trimethylsilyl) acetate and LDA furnished the unsaturated ester 129 which was in 
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turn reduced to the corresponding alcohol using DIBAL in dichloromethane. Reductive 
transposition of allylic alcohol was achieved by applying Myers’ *3,3+-sigmatropic 
rearrangement protocol, using o-nitrobenzenesulfonyl hydrazine (NBSH), 
triphenylphosphine (PPh3), and diethyl azodicarboxylate (DEAD) in THF. Ketal 
deprotection afforded ketone 131. The allyl group was introduced using KHMDS excess 
of methyl iodide giving the product as a single diastereomer, which was epimerized 
using DBU in refluxing toluene, giving the cis-diastereomer 132 as the major 
diastereomer (Scheme 38). 
Scheme 38: Synthesis of Ring Closing Metathesis Precursor 132 
 
After scanning many ring closing metathesis reaction conditions, it was found 
that using Grubbs second generation catalyst (5 mol %) gave the best results. The vinyl 
triflate, which was formed upon reacting compound 133 with KHMDS and PhNTf2, was 
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subjected to Musco and Santi reaction conditions34 using (1-
methoxyvinyloxy)trimethylsilane and Pd(PPh3) to give the methyl ester 134 after 
cyclopropanation. In order to complete the synthesis, a series of functional group 
manipulation reactions were performed. DMDO epoxidation, followed by LAH reduction 
furnished compound 135, which was oxidized to the corresponding keto acid using IBX 
under the Pinnick oxidation conditions.35 Wittig methylenation of the free ketone gave 
the natural product (+)-Echinopine A 124, which was converted to the (+)-Echinopine B 
125 using diazomethane esterification conditions (Scheme 39).  
Scheme 39: Synthesis Completion 
 
 
The Magauer’s and Tiefenbacher’s group had succeeded in finishing the first 
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total synthesis of Echinopines A 124 and B 125 using a very elegant approach. In 
addition, they were able to determine the absolute stereochemistry. 
B.1.2. Nicolaou’s Approach: Intramolecular Rhodium-Catalyzed 
Cyclopropanation and Samarium Diiodide Mediated Ring Closure 
Recently, K.C. Nicolaou and his coworkers disclosed an enantioselective total 
synthesis of echinopines A 124 and B 125.36 Their synthesis featured an intramolecular 
rhodium catalyzed cyclopropanation, and samarium diiodide mediated ring closure. 
B.1.2.1. Intramolecular Rhodium Catalyzed Cyclopropanation 
The synthesis of Keto ester 140 started from the enantiomerically enriched allylic 
alcohol 136 (Scheme 9). Claisen rearrangement afforded compound 137 which upon 
saponification gave the unsaturated carboxylic acid. The carboxylic acid was converted 
to the ketoester 138 using potassium malonate in the presence of carbonyl diimidazole 
(CDI) and magnesium chloride. Diazo transfer reagent, p-acetamidobenzene sulfenyl 
azide (p-ABSA), was used to make the cyclopropanation precursor 139. Heating 
compound 139 in the presence of rhodium acetate (Rh2(OAc)4) afforded the tricyclic 
compound 140 as a single diastereomer (Scheme 40). 
 
 
 
66 
 
 
 
Scheme 40: Nicolaou’s Approach: Synthesis of Precursor 140 
 
B.1.2.2. Samarium Diiodide Ring Closure (Intramolecular Pinacol 
Coupling) 
 
After securing multigram quantities of the tricyclic compound 140, the efforts 
were directed towards the synthesis of the samarium diodide ring closure precursor 
keto aldehyde compound 144. Protecting group exchange from tert-butyldimethylsilyl 
ether to p-methoxybenzyl ether followed by triflate formation furnished the vinyl 
triflate 141. The ester group was reduced using Dibal to the corresponding alcohol 
which was protected as tert-butyldimethylsilyl ether. The palladium catalyzed Stille 
coupling of the vinyl triflate with hydroxymethyl stannane afforded the allylic alcohol 
142 in good yield. The double bond was reduced using Adam’s catalyst (PtO2.H2O) by 
stirring the alcohol and the catalyst under an atmosphere of hydrogen. The alcohol was 
oxidized to the corresponding aldehyde using the Dess-Martin perriodinane (DMP) 
reagent. The formed aldehyde was subjected to Horner-Wadsworth-Emmons 
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olefination conditions giving the enoate 143 as a mixture of geometrical isomers (E:Z ca. 
4:1). Double bond reduction using sodium borohydride and nickel chloride followed by 
ester reduction using Dibal and Dess-Martin periodinane oxidation afforded the keto 
aldehyde compound 144 (Scheme 41). 
Scheme 41: Nicolaou’s Approach: Synthesis of Pinacol Coupling Precursor 144 
 
The tetracyclic compound 145 was prepared as a single diastereomer from the 
keto aldehyde compound 144 using an intramolecular pinacol coupling reaction under 
samarium diiodide (SmI2) and hexamethylphosphoramide (HMPA) ring closure 
conditions (Scheme 42).  
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Scheme 42: Nicolaou’s Approach: Synthesis Completion 
 
The formed product was further elaborated to the natural products by applying 
routine functional group manipulation reactions. The secondary hydroxyl group was 
oxidized to the corresponding ketone using DMP, the tertiary alcohol was acetylated 
using acetic anhydride. The formed acetate was reacted with methanolic solution of 
samarium iodide forcing the removal of the acetate group. The tert-butyldimethylsilyl 
ether group was removed under mild acidic conditions (p-TsOH). The free ketone was 
olefinated using Tebbe reagent, and the previously formed primary alcohol was oxidized 
to the corresponding aldehyde 147 using the Swern oxidation conditions. One carbon 
homologation procedure was used to extend the side chain. The formed enol ether 
intermediate was treated with p-TsOH, and the resulting aldehyde was oxidized under 
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the Pinnick oxidation conditions to the corresponding carboxylic acid Echinopine A 124. 
The carboxylic acid was esterified using TMSCHN2 to give the natural product Echinopine 
B 125. 
Nicolaou’s group has successfully finished the asymmetric total synthesis of 
Echinopines A 124 and B 125 by using the previous route. Although this synthesis has 
highlighted many important chemical transformations, it is still very target oriented and 
it required fairly long sequence of reactions to reach the desired natural product.  
C. Results and Discussion 
Rigby’s Approach: Chromium (0)-mediated *6π + 2π+ and *6π + 2π + 2π+ 
photochemical cycloaddition. 
C.1. Background 
 After recognizing the unique and unprecedented [3.5.5.7]-carbon skeleton of 
the marine natural products Echinopines A 124 and B 125, we envisioned the possibility 
of converting the cycloadduct 149, which could be accessed by applying our novel Cr (0)-
mediated *6π + 2π + 2π+ photochemical cycloaddition reaction, into the target 
molecules 124 and 125 (Scheme 43). The cycloaddition partners for such a reaction 
would be a cycloheptatriene 24 and an alkyne 148. 
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Scheme 43: Rigby’s Approach: Synthesis of Echinopines A and B 
 
C.1.1. Choice of Alkyne 
The choice of the alkyne which will be used as one of the cycloaddition partners 
with cycloheptatriene is very crucial at this stage. Two important issues were taken into 
consideration for our choice of alkyne:  
1) The regiochemical outcome of the cycloaddition reaction, and 
2) The ability to convert the cycloadduct 149 intermediate to the target molecule by 
using few functional group manipulation steps. 
Throughout the investigation of the chromium mediated *6π + 2π+ and *6π + 2π + 
2π+ cycloaddition reactions between cyclic trienes and alkynes, a set of observations and 
conclusions have been drawn after studying some reactions. 
The photochemical cycloaddition of the chromium complex 24 and terminal 
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alkynes 150 usually undergo a *6π + 2π + 2π+ cycloaddition. In most cases that have 
been studied by our group, it was not possible to stop the reaction at the first *6π + 2π] 
stage giving chromium complexed cycloadducts like 151 (Scheme 44). 
Scheme 44: *6π + 2π +2π+ Cycloaddition Reaction UsingTerminal Alkynes 
 
Unlike the reactions of cyclic trienes with terminal alkynes 150, we were 
delighted to find out that by using an internal alkyne 153 we were able to stop the 
reaction at the first *6π + 2π+ stage. We were able to isolate chromium complexed 
cycloadducts 154 in excellent yield (Scheme 45).  
Scheme 45: *6π + 2π +2π+ Cycloaddition Reaction Using Internal Alkynes 
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From a synthetic point of view, this observation is of great importance, since two 
different alkynes could be added successively to the chromium complexed 
cycloheptatriene, provided that the first alkyne is internal 153 and the second alkyne is 
terminal 150, giving us more flexibility concerning the choice of the proper alkynes 
(Scheme 46).  
Scheme 46: Tandem *6π + 2π+ Cycloaddition Reaction Using 2 different Alkynes 
 
Another important observation was the photochemical cycloaddition of cyclic 
trienes with alkynols. It was found that under standard photochemical conditions, the 
reaction of chromium complexed cycloheptatriene 24 with excess of propargyl alcohol 
157 in hexanes gave only the decomplexed *6π + 2π+ cycloadduct 158 in very poor yield 
(Scheme 47). 
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Scheme 47: *6π + 2π+ Cycloaddition Reaction Using Propargyl Alcohol 
 
Competitive coordination of the free hydroxyl group with the chromium metal is 
thought to be the major factor in stopping the reaction at the first *6π + 2π+ stage. The 
decomplexation of the chromium metal from the first *6π + 2π+ cycloadduct could be 
the result of the formation of a chromium (III) species 159. The chromium (III) species 
159 is believed to be the result of the coordination of the chromium metal to the free 
hydroxyl group of the propargyl alcohol species (Scheme 48).  
Scheme 48: Decomplexation Reasoning 
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A very clever solution for this problem was proposed by our group, where two 
alkynol molecules were tethered using a silicon linker 160. The silicon tether assisted 
*6π + 2π + 2π+ cycloaddition reactions have shown high degree of both regio-and stereo 
selectivity and gave fairly good to excellent yields for different cycloadducts (Scheme 
49).  
Scheme 49: *6π + 2π +2π+ Cycloaddition Reaction Using Silicon Tethered Alkynes 
 
It was believed that by protecting the free hydroxyl group of the alkynol, we 
were protecting the chromium complex intermediate from competitive coordinations 
that could decomplex the chromium intermediate and hence stop the reaction at the 
first *6π + 2π] cycloaddition reaction. In addition the presence of the tether will 
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introduce the second alkyne in an intramolecular manner, making this method more 
efficient. 
The regiochemical outcome of these reactions was explained according to 
molecular modeling studies. It was found that due to steric interactions, increasing the 
tether size would favor the formation of cycloadducts with the larger ring size. Different 
models are drawn below explaining our reasoning (Scheme 50). 
Scheme 50: Regiochemical Outcome: Molecular Models Study 
 
C.1.2. First Approach: Chromium (0)-Mediated [6π + 2π + 2π] 
Photochemical Cycloaddition Using Two Different Alkynes. 
The first approach for the synthesis of Echinopines A 124 and B 125 that we 
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decided to pursue was a stepwise addition of two different alkynes to cycloheptatriene 
24. The photochemical *6π + 2π+ cycloaddition reaction between the Chromium 
complexed cycloheptatriene 24 and alkyne 162 has furnished the chromium complex 
intermediate 163 in 87 % yield (Scheme 51). 
Scheme 51: *6π + 2π+ Cycloaddition Reaction Using Internal Alkyne 
 
Since the target molecule does not require any substituents on the five 
membered ring, we decided to use acetylene equivalent moiety. The first alkyne we 
decided to try was trimethylsilyl acetylene 164, because we believed that we could 
reduce the TMS functional group on later stages. Unfortunately, this reaction gave us a 
mixture of non seperable regioisomers 165 and 166 (Scheme 52).  
Scheme 52: *6π + 2π+ Cycloaddition Reaction 
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While looking for an alternative alkyne that could make our synthesis simpler, 
we thought of using acetylene gas as a cycloaddition partner. We believed that the 
success of this reaction would definitely reduce the number of steps in targeting the 
natural product. Unlike trimethylsilylacetylene 164, only one regioisomer will be 
formed, and no deprotection steps will be required at later stages.  
One major limitation of using unactivated alkenes and alkynes as dienophiles in 
cycloaddition reactions is their low reactivity towards dienes and trienes. Transition 
metal templates have proven to facilitate such reaction, probably by forming metal 
complexes intermediates with such dienophiles, thus rendering these reactions 
intramolecular.  
Acetylene gas has been incorporated in organic synthesis in many different 
aspects and especially in pericyclic reactions.  
An interesting example of using acetylene gas as a cycloaddition partner was 
reported by Jacobsen and co-workers on iron mediated *4π + 2π+ cycloaddition reaction 
in the gas phase.37 Similar observations were reported by Schwarz and coworkers where 
different metals were tested (Scheme 53).3 
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Scheme 53: Acetylene Gas as 2π Reaction Partner: Synthesis of Substituted Benzene 
 
Recently, azides 167 and acetylene gas 168 were used by Liang and co-workers 
to prepare 1,2,3-triazoles 169 via CuI / Et3N catalyzed reactions (Scheme 54).
39 
Scheme 54: Acetylene Gas as 2π Reaction Partner: Synthesis of Triazoles 
 
The photochemical *2π + 2π + 2π+ transition metal catalyzed cycloaddition 
reaction, mostly well known as cyclotrimerization, is another application where 
acetylene gas was used as a major component in the cycloaddition process. The study 
conducted by Heller and co-workers illustrates the simplicity and effectiveness of this 
reaction, where it was shown that two molecules of alkyne and one molecule of nitrile 
170 effectively produce 2-substituted pyridines 171 under mild conditions (Scheme 
55).40 
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Scheme 55: Acetylene Gas as 2π Reaction Partner: Synthesis of Pyridines 
 
Impressed by these results we decided to pursue our proposed reaction 
sequence and try the photochemical *6π + 2π+ reaction between the chromium 
complexed intermediate 163 and acetylene gas 168 under ambient conditions.  
We were delighted to find that, the irradiation of a solution intermediate 163 in 
hexanes under acetylene gas atmosphere gave cycloadduct 172 in moderate yield under 
ambient conditions (Scheme 56).  
Scheme 56: Acetylene Gas as 2π Reaction Partner: *6π + 2π+ Cycloaddition 
 
The relatively moderate un-optimized yield of this reaction, could be attributed 
to the relatively high decomplexation of cycloadduct 152 under the reaction conditions, 
we believe that reaction optimization could help in improving the efficiency of such 
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reaction. 
In order to avoid any undesired products in later stages, especially during radical 
cyclization, we decided to reduce the double bonds in cycloadduct 172. Hydrogenation 
of cycloadduct 172 followed by desilylation furnished the corresponding compound 
173b in excellent yield. Xanthate formation using standard conditions afforded the 
radical cyclization precursor 174 in good yield (Scheme 57). 
Scheme 57: Synthesis of Radical Precursor 174 
 
In order to finish the synthesis of the target molecule, the three membered ring 
in 174 has to be cleaved and another three membered ring has to be formed between 
carbon 4 and 13. We thought that radical initiated cyclization would do the two jobs in 
one step (Figure 14). 
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Figure 14: Proposed Radical Cyclization 
 
 Unfortunately, none of the desired cyclized product 175 under radical 
conditions was obtained, only reduced product 176 was isolated in moderate yield. It is 
possible that the radical being formed originally is too far from the three membered ring 
and was not able to initiate the cleavage (Scheme 58). 
Scheme 58: Radical Cyclization 
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C.1.3. Second Approach: Chromium (0)-Mediated [6π + 2π + 2π] 
Photochemical Cycloaddition Using Tethered Diynes. 
Previous studies in our group showed great success for the silicon tether assisted 
*6π + 2π + 2π+ cycloaddition reaction of terminal alkynols. One important aspect of 
these reactions is the ability of controlling the regiochemical outcome of the 
cycloaddition reaction by varying the size of the silicon tether. In such case two different 
cycloadducts were obtained in fairly good yields after silyl deprotection (Scheme 59).  
Scheme 59: Silicon Tether Assisted *6π + 2π + 2π+ Cycloadditions of Terminal Alkynols  
 
Encouraged by the outcomes of these reactions, where we were able to form 
easily an advanced intermediates that could be used for the completion of the total 
synthesis of Echinopines A 124 and B 125, we decided to work with intermediate 180b 
and try to synthesize the ring system of the natural product. 
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C.1.3.1. First Attempt 
At this stage we thought of trying something that is relatively simple and 
wouldn’t require too many steps to form the core structure of Echinopines A 124 and B 
125. The main concern was how to cleave the three-membered ring in 180b that will be 
formed after the initial cycloaddition. 
The photochemical *6π + 2π + 2π+ cycloaddition of chromium complexed 
cycloheptatriene 24 and the silicon tethered diyne 179 afforded the diol cycloadduct 
180b after deprotection in 67 % yield. Sharpless epoxidation, using VO(acac)2 and TBHP 
and molecular sieves in dry DCM afforded the epoxide 181 in 67 % yield. The diol was 
protected as di-t-butyldimethylsilyl ether using TBSCl, DMAP, and Et3N in DCM. 
Dihydroxylation of the double bond using OsO4 gave the corresponding diol 182b, which 
was subsequently oxidized to the corresponding diketone 183 using DMSO, TFAA in 
excellent yield (Scheme 60).   
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Scheme 60: Synthesis of Compound 183 
 
C.1.3.1.1. Cyclopropylketone Manipulation 
Previous studies conducted in our lab on similar cycloadducts directed to the 
manipulation of the cyclopropylketone moiety are shown below (Scheme 61). 
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Scheme 61: Cyclopropyl Ketone Manipulation 
 
The addition of tert-butyldimethylsilyliodide (TBSI) across the cyclopropylketone 
moiety in 184 has proven to be effective in reducing the cyclopropyl group and as a 
result hydroiodination reaction across the cyclopropyl ring has occurred giving 
compound 185.41 At this stage of our synthesis, we were thinking of using the same 
concept on our cyclopropylketone cycloadduct 183, the proposed mode of addition is 
shown below (Figure 15). 
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Figure 15: Proposed Iodide Conjugate Addition 
 
 
We were hoping that this conjugate addition could work, because we believed 
that compound 189 would be prone to undergo elimination under basic conditions. 
Upon elimination an endocyclic double bond will be formed as in compound 190. The 
formation of compound 190 would set the stage for a cyclopropanation reaction that 
would lead to the ring system of the target natural product 124, 125 (Scheme 62). 
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Scheme 62: Synthesis Completion: Proposed Sequence 
 
Unfortunately, all the conditions used to open the cyclopropane in 183 were not 
successful, steric effects are believed to be dominant in this situation, so we decided not 
to pursue this route and try something different (Scheme 63). 
Scheme 63: Iodide Addition 
 
C.1.3.2. Second Attempt: Using Longer Silicon Linker 
We were thinking of a new approach which will give us a cycloadduct like 192. 
From the previous approach we knew that changing the size of the linker would change 
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the regiochemical outcome of the product. We were thinking that the formation of such 
an intermediate 192 would facilitate the cleavage of the three membered-ring due to 
the presence of carbinol next to it. Interestingly, this reaction was not simple as we 
expected it to be, where many products were isolated (Scheme 64). The formation of 
products 194 and 196 could be explained by some radical fragmentation sequence, 
although we don’t have any evidence at this time for such explanation. Further work is 
underway in order to explore more the nature of such reactions. 
Scheme 64: *6π + 2π + 2π+ Cycloaddition Using Longer Diyne Silicon Tether 
                     
C.1.4. Third Approach: Chromium (0)-Mediated [6π + 2π + 2π] 
Photochemical Cycloaddition. 
In order to get intermediate 195, we thought of using silicon protected propargyl 
alcohol 197. The reaction of cycloheptatriene 24 with TBS-protected propargyl 
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alcohol 197 afforded the desired product 192 with trace amount of the decomplexed 
mono cycloadduct 198 after deprotection using TBAF in THF (Scheme 65). 
Scheme 65: *6π + 2π + 2π+ Cycloaddition Using Silicon Protected Propargyl Alcohol 
 
With the success in the preparation of cycloadduct 192 in fairly good yields, we 
are hoping that we will be able to convert this cycloadduct into the target molecules 124 
and 125, using simple chemical transformations. 
D. Conclusion 
Two total syntheses of the structurally unique sesquiterpene, Echinopines A 124 
and B 125, one racemic and the other stereoselective, have been reported in the 
literature so far.  
Our efforts to explore the use of the chromium mediated *6π + 2π+ cycloaddition 
reaction between cyclic triene and alkynes in studies directed towards the total 
synthesis of these sesquiterpenes are underway. The investigations for different routes 
in order to construct the ring system of these natural products have shown some 
promising results. 
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We hope that with conjugated efforts, we will be able to finish the total 
synthesis of Echinopines A 124 and B 125 in a very unique fashion.  
E. Experimental  
             General  
All reactions were carried out under an atmosphere of argon in oven-dried 
glassware with magnetic stirring, unless otherwise indicated. All reagents and solvents 
were of commercial grade and were used as received without further purification unless 
otherwise noted. 
Flash chromatography was performed with Whatman silica gel (Purasil 60 Å, 
230-400 Mesh). Analytical thin-layer chromatography was performed with 0.25 mm 
coated commercial silica gel plates (EMD, Silica Gel 60F254). Melting points were 
obtained on a Thomas-Hoover apparatus in open capillary tubes and are uncorrected. 
Proton nuclear magnetic resonance (1H NMR) was acquired on 400 MHz Varian Mercury 
or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance resulting from incomplete deuteration as 
the internal reference (CDCl3: δ 7.24). Splitting patterns are designated as: s, singlet; d, 
doublet; dd, doublet of doublet; dt, doublet of triplet; t, triplet; q, quartet; m, multiplet. 
Carbon-13 nuclear magnetic resonance (13C NMR) data were acquired on 400 MHz 
Varian Mercury or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent as the internal reference (CDCl3: δ 77.00 ppm). 
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Infrared (IR) spectra were recorded on Perkin Elmer Spectrum RX-1 FT-IR system, ʋmax in 
cm-1. High resonance mass spectrometry (HRMS) data were recorded on a Micromass 
GCT using a solid state probe. Elemental analyses (Anal.) were performed by Atlantic 
Microlab, Inc. in Norcross, Georgia. 
             Materials 
All reagents and solvents were of commercial grade and were used as received 
without further purification unless otherwise noted. Tetrahydrofuran (THF) and diethyl 
ether (Et2O) were distilled from sodium benzophenone ketyl under an argon 
atmosphere prior to use. Methylene Chloride (CH2Cl2), acetonitrile (CH3CN), benzene, 
toluene and triethylamine (Et3N) were distilled from calcium hydride under an Argon 
atmosphere. All non-volatile samples were dried under vacuum to a constant weight at 
ambient temperature (0.3-0.4 mmHg) following the removal of solvents under reduced 
pressure. 
 
3-[((t-butyl)dimethylsiloxy)]-1-(trimethylsilyl)-1-propyne (162) 
 
To a solution of 3-(trimethylsilyl)prop-2-yn-1-ol (1.15 g, 8.97 mmols) under N2 
atmosphere at 0 ᴏC, was added Et3N (1.5 ml, 10.77 mmols) and DMAP (0.11 g, 0.90 
mmols). TBSCl (1.49 g, 9.87 mmols) in DCM (10 ml) was added dropwise. Stirring was 
continued for 2 h at 0 ᴏC and 3 h at rt. The solvent was evaporated under reduced 
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pressure and the residue was taken up in pentane (20 ml) and filtered through a small 
pad of silica gel to give (2.1 g, 8.66 mmols) of product 162 as colorless oil after solvent 
removal. 
Rf 0.92 (hexanes/EtOAc, 90:10); 
1H NMR (400 MHz, CDCl3): δ = 4.30 (s, 2H), 0.90 
(s, 9H), 0.15 (s, 9H), 0.12(s, 6H); 13C NMR (100 MHz, CDCl3): δ = 104.6, 89.7, 52.3, 25.9, 
18.3, -0.3, -5.1. 
 
Trimethyl-[(2Z,4Z)-8-tert-butyldimethylsiloxymethylbicyclo[4.2.1]nona-2,4,7-
trien-7-yl]silane chromiumtricarbonyl complex (163) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (400 mg, 1.76 mmols) in hexanes (0.4 L) was irradiated for 4 h 
with a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under nitrogen 
bubbling and stirring. The alkyne 162 (640 mg, 2.64 mmols) in hexanes (20 ml) was 
introduced to the reaction mixture while irradiating during 2 h using a syringe pump. 
The resulting orange solution was filtered through a pad of celite and the cake washed 
with hexanes. The filtrate was concentrated and the crude orange solid was purified by 
flash chromatography on SiO2 (hexane/EtOAc = 100:0, then 90:10) giving 663 mg (80%) 
93 
 
 
 
of complex product 163 as orange-red solid.  
Rf 0.76 (hexanes/EtOAc, 90:10); IR (KBr): 825, 1850, 1965 cm
-1; 1H NMR (400 
MHz, CDCl3): δ = 5.10 (dd, J = 7.2, 6.4 Hz, 1H), 4.71 (dd, J = 8.4, 6.0 Hz, 1H), 4.39 (d, J = 
11.60 Hz, 1H), 4.05 (d, J = 11.20 Hz, 1H), 3.61 (m, 1H), 3.53 (t, J = 7.4 Hz, 1H), 3.19 (t, J = 
6.8 Hz, 1H), 1.54 (s, 2H), 0.90 (s, 9H), 0.38 (s, 9H), 0.10 (s, 6H); HRMS calcd for 
C22H34CrO4Si2Na
+ (M+Na+): 493.1298 found: 493.1296. 
 
4-(12-tert-butyldimethylsiloxymethyl)-11-trimethylsilyl-tetracyclo-
[8.1.01,10.03,7.04,11]-undeca-5,8-diene (172) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of Chromium complex 163 (480 mg, 1.02 mmols) hexanes (0.45 L) was 
irradiated for 6 h with a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp 
under acetylene medium rate bubbling and stirring. The resulting green solution was 
filtered through a pad of celite and the cake washed with hexanes. The filtrate was 
concentrated and the crude residue was purified by flash chromatography on SiO2 
(hexane/EtOAc = 100:0, then 90:10) giving 240 mg (65%) of product 172 as colorless oil. 
Rf 0.33 (hexanes); 
1H NMR (400 MHz, CDCl3): δ = 5.76 (dd, J = 6.8, 6.4 Hz, 1H), 
5.67 (dd, J = 2.4, 2.4 Hz, 1H), 5.60-5.55 (ddd, 2H), 3.82 (d, J = 9.6 Hz, 1H), 3.60 (d, J = 10.0 
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1H), 2.75 (m, 1H), 1.99 (m, 1H), 1.65-1.60 (m, 2H), 1.32-1.27 (m, 2H), 0.89 (s, 9H), 0.05 
(s, 9H), 0.03 (s, 6H); 13C NMR (100 MHz, CDCl3): δ = 135.8, 132.9, 131.2, 126.0, 68.0, 
67.9, 50.3, 48.2, 30.9, 26.9, 26.1, 25.8, 18.5, -0.4, -5.3; HRMS calcd for C21H37OSi2
+: 
361.2383 found: 361.2386. 
 
4-(12-tert-butyldimethylsiloxymethyl)-11-trimethylsilyl-tetracyclo-
[8.1.01,10.03,7.04,11]-undecane (172a) 
 
To Pd/C (100 mg) under nitrogen atmosphere at room temperature, was added a 
solution of cycloadduct 172 (190 mg, 0.53 mmols) in methanol (5 ml). The Nitrogen gas 
was bubbled out by H2 gas. The mixture was stirred at room temperature under H2 
atmosphere for 3 h. The crude was passed through a short pad of silica gel. The filtrate 
was concentrated and the crude residue was purified by flash chromatography on SiO2 
(hexane/EtOAc = 100:0, then 90:10) giving 174 mg (90%) of product 172a as colorless 
oil. 
Rf 0.88 (hexanes); 
1H NMR (400 MHz, CDCl3): δ =  3.68 (d, J = 8.8 Hz, 1H), 3.37 (d, 
J = 9.2, 1H), 2.52 (t, J = 8.0, 1H), 1.97 (m, 1H), 1.89 (m, 1H), 1.84-1.81 (m, 1H), 1.75-1.61 
(m, 4H), 1.41(m, 1H), 1.31-1.26 (m, 4H), 1.19 (dd, J = 4.0, 4.0 Hz, 1H), 0.89 (s, 9H), 0.06 
(s, 3H), O.04 (S, 3H), -0.05 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 69.6, 62.1, 48.1, 39.9, 
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34.4, 32.8, 31.7, 27.9, 27.5, 27.1, 26.0, 23.7, 22.6, 18.4, -0.2, -5.5; HRMS calcd for 
C21H40OSi2
+: 364.2618 found: 364.2622. 
 
4-(12-hydroxymethyl)-11-trimethylsilyl-tetracyclo-[8.1.01,10.03,7.04,11]-undecane 
(173b) 
 
To a solution of cycloadduct 173a (250 mg, 0.69 mmols) in THF (10 ml) under N2 
atmosphere at 0 ᴏC, was added dropwise TBAF (I M in THF, 3.45 ml, 3.45 mmols). The 
mixture was warmed to rt and stirred for 2 h. Water (15 ml) was added, and the mixture 
was extracted with EtOAc (3 x 25 ml). The organic extracts were combined, washed with 
brine, dried over MgSO4, filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10 then 50:50) to afford 156 mg (90%) 
of alcohol 173. 
Rf 0.32 (hexanes/EtOAc 90:10); IR (KBr): 845, 3210 cm
-1; 1H NMR (400 MHz, 
CDCl3): δ = 3.61 (s, 2H), 2.46 (t, J = 8.2, 1H), 2.17 (m, 1H), 2.05-1.84 (m, 4H), 1.81-1-51 
(m, 4H), 1.50-1.45 (m, 2H), 0.93-0.88 (m, 1H), -0.02 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 
= 70.1, 61.7, 49.8, 39.7, 34.1, 32.9, 28.1, 27.8, 27.6, 23.6, 22.4, -0.4; HRMS calcd for 
C15H26OSi
+: 250.1753 found: 250.1757. 
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4-(12-hydroxymethyl-methylxanthate)-11-trimethylsilyl-tetracyclo-
[8.1.01,10.03,7.04,11]-undecane (174) 
 
To a stirred suspension of NaH (30 mg, 0.1.11 mmols) in THF (5 ml) under N2 
atmosphere at 0 ᴏC, CS2 was added (0.12 ml, 1.84 mmols). After stirring the solution for 
5 min at 0 ᴏC a solution of the alcohol 173b (230 mg, 0.92 mmols) in THF (5 ml) was 
added followed by the addition of MeI (0.09 ml, 1.38 mmols) dropwise. After stirring for 
3 h at 0 ᴏC, the mixture was warmed to rt and stirring was continued overnight. The 
solution was quenched by the addition of a saturated aqueous solution of NH4Cl (5 ml) 
and extracted with Et2O (3 x 10 ml). The organic extracts were combined, washed with 
brine solution (10 ml), dried over MgSO4, filtered and concentrated. The crude residue 
was purified by flash chromatography on SiO2 (hexane/EtOAc, 98:2) to give 270 mg 
(86%) of xanthate 174 as a white solid: Melting Point 86-87 ᴏC. 
Rf 0.93 (hexanes/EtOAc 90:10); IR (KBr): 835, 1045, 1105, 1215, 3015 cm
-1; 1H 
NMR (400 MHz, CDCl3): δ = 4.68 (d, J = 10.4 Hz, 1H), 4.41 (d, J = 10.4, 1H), 2.57 (s, 3H), 
2.42 (t, J = 8.8, 1H), 2.19-2.16 (m, 1H), 2.06-2.03 (m, 1H), 2.01-1.93 (m, 2H), 1.86-1.77 
(m, 3H), 1.71-1.66 I(m, 2H), 1.56-1.48 (m, 1H), 1.34-1.26 (m, 2H), 0.96 (t, J = 7.6 Hz, 1H), 
-0.02 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 81.6, 59.5, 50.8, 39.6, 33.9, 33.3, 28.2, 27.5, 
27.4, 23.5, 22.5, 18.8, -0.6; HRMS (ESI): m/z calcd for C17H29OS2Si
+: 341.1429 found: 
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341.1430. 
 
Diisopropylbis(prop-2-yn-1-yloxy)silane (177) 
Propargyl alcohol (0.4 ml, 6.70 mmols) was added to a solution of 
diisopropyldichlorosilane (0.48 ml, 2.70 mmols), Dimethyl aminopyridine (DMAP) (2.90 
mg, 0.024 mmols) and triethylamine (3.0 ml, 21.60 mmols) in DCM (10 ml) at 0 ᴏC. After 
2 h, the reaction mixture was concentrated in vacuo. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10) to afford 546 mg (90%) of product 
177 as colorless oil.  
Rf 0.93 (hexanes/EtOAc 70:30); IR (thin film): 620, 1071, 1105, 2868, 2946 and 
3311 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 4.43 (d, J = 2.4 Hz, 4H), 2.39 (t, J = 2.4 Hz, 2H), 
1.06 (s, 14H); 13C NMR (100 MHz, CDCl3): δ = 81.9, 72.9, 51.3, 17.06, 12.05; EI  m/z 
(relative intensity) 224 (M+, 100), 141 (20), 114 (72); HRMS calcd for C12H20O2Si
+: 
224.1233 found: 224.1236. 
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Pentacyclo-[13.1.0.03,12.04,10.04,16]-5,9-(di-isopropyloxy)-trideca-10,13-diene 
(161) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (230 mg, 1.0 mmols) hexanes (0.3 L) was irradiated for 4 h with 
a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under nitrogen 
bubbling and stirring. Alkyne 177 (270 mg, 1.20 mmols) in hexanes (20 ml) was 
introduced to the reaction mixture while irradiating during 2 h using a syringe pump. 
The resulting orange solution was filtered through a pad of celite and the cake washed 
with hexanes. The filtrate was concentrated and the crude residue was purified by flash 
chromatography on SiO2 (hexane/EtOAc = 100:0, then 98:2) giving 260 mg (82%) of 
product 161 as colorless oil. 
Rf 0.82 (hexanes/EtOAc 90:10); IR (thin film): 778, 883, 1001, 1059, 1463, 2864 
and 2923 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 5.52 (m, 2H), 4.36 (m, 4H), 3.90 (d, J = 
10.40 Hz, 1H),  3.74 (d, J = 11.20 Hz, 1H), 2.73 (m, 1H), 2.44 (t, J = 8.0, 1H),  1.76 (dt, J = 
1.6, 7.2 Hz, 1H), 1.58 (m, 2H), 1.06 (m, 14H); 13C NMR (100 MHz, CDCl3): δ = 143.6, 
134.2, 129.7, 125.4, 72.9, 69.2, 64.7, 63.4, 51.3, 50.2, 46.3, 29.7, 25.8, 25.7, 24.9, 21.7, 
17.0, 12.6, 12.5, 12.0; ESI  m/e 317 [(M+H)], 356 [(M+K)+] 672 [(2M+K)+]; HRMS calcd for 
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C16H21O2Si
+: 316.1311 found: 316.1321. 
 
4,5-(di-(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (178) 
To a solution of compound 161 (265 mg, 0.85 mmols) in THF (20 ml) under N2 
atmosphere at 0 ᴏC, was added dropwise TBAF (I M in THF, 4.20 ml, 4.20 mmols). The 
mixture was warmed to rt and stirred for 2 h. Water (15 ml) was added, and the mixture 
was extracted with EtOAc (3 x 25 ml). The organic extracts were combined, washed with 
brine, dried over MgSO4, filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 70:30 then 50:50) to afford 157 mg (90%) 
of alcohol 178 as colorless oil. 
Rf 0.30 (hexanes/EtOAc 50:50); IR (thin film): 874, 2950, 3210 cm
-1 ; 1H NMR (400 
MHz, CDCl3): δ = 5.67-5.53 (m, 2H), 4.27 (d, J = 12.0 Hz, 1H), 4.18 (d, J = 12 Hz, 1H), 3.79 
(d, J = 11.2 Hz, 1H), 3.51 (d, J = 11.6 Hz, 1H), 2.73 (m, 1H), 2.62 (t, J = 8.0 Hz, 1H), 1.96 
(m, 1H), 1.63 (m, 1H), 1.52 (t, J = 7.0 Hz, 1H), 1.31 (q, J = 7.6 Hz, 1H); 13C NMR (100 MHz, 
CDCl3): δ =142.6, 135.3, 130.0, 125.4, 66.2, 63.7, 61.1, 49.6, 45.9, 26.3, 25.5, 25.0, 21.6; 
ESI  m/e 205 [(M+H)], 243 [(M+K)+] 447 [(2M+K)+]; HRMS calcd for C13H17O2
+: 205.1228 
found: 205.1230. 
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4,5-(12,13-dihydroxymethyl)-5,6-epoxy-tetracyclo-[8.1.01,10.03,7.04,11]-undec-8-
ene (193) 
 
To a solution of diol 178 (260 mg, 12.73 mmols) in DCM (10 ml) containing 3 Å 
molecular sieves (200 mg) at rt was introduced VO(acac)2 (100 mg, 0.39 mmols), 
followed after 10 min  by t-BuOOH ( 5.5 M in decane, 3.48 ml, 19.10 mmols). The 
resulting mixture was stirred at rt for 2 h. Me2S (5 ml) and sat. NH4Cl saturated aqueous 
solution (10 ml) were added and the resulting mixture was stirred at rt for 2 more hours. 
The mixture was extracted with DCM (3 X 15 ml). The organic extracts were combined, 
washed with brine, dried over MgSO4, filtered and concentrated. The crude residue was 
purified by flash chromatography on SiO2 (hexane/EtOAc, 50:50 then 40:60) to give 2.01 
g (72%) of epoxide 193 as a white solid: Melting Point 103-105 0C. 
Rf 0.20 (hexanes/EtOAc 50:50); IR (thin film): 845, 1235, 2942, 3210 cm
-1; 1H 
NMR (400 MHz, CDCl3): δ = 5.89 (dd, J = 8.0, 7.2 Hz, 1H), 5.48 (dd, J = 7.2, 6.8 Hz, 1H), 
4.25 (d, J = 12.0 Hz, 1H), 3.89 (d, J = 10.4 Hz, 1H), 3.54 (dd, J = 12.80, 10.4 Hz, 2H), 3.14 
(s,1H), 2.62 (t, J = 7.4 Hz, 1H), 2.08 (t, J = 7.60 Hz, 1H), 1.95 (m, 1H), 1.84 (t, J = 8.6 Hz, 
1H), 1.73 (m,1H), 1.54 (d, J = 13.6 Hz, 1H), 1.45 (q, J = 8.2, 7.2 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ = 129.9, 123.6, 69.4, 66.7, 64.8, 62.7, 59.9, 44.6, 41.6, 30.5, 27.2, 25.7, 
21.0; ESI  m/e 221 [(M+H)], 259 [(M+K)+] 479 [(2M+K)+]; HRMS calcd for C13H17O3
+: 
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221.1177 found: 221.1180; Anal. Calcld for C13H16O3: C, 70.89; H, 7.32; O, 21.79; found: 
C, 70.77; H, 7.42; O, 21.62. 
 
Bis(but-3-yn-1-yloxy)diisopropylsilane (179) 
3-Butyn-1-ol (0.51 ml, 6.70 mmols) was added to a solution of 
diisopropyldichlorosilane (0.48 m0000l, 2.70 mmols), (DMAP) (2.90 mg, 0.024 mmols) 
and triethylamine (3.0 ml, 21.60 mmols) in DCM (15 ml) at 0 ᴏC. After 2 h, the reaction 
mixture was concentrated in vacuo. The crude residue was purified by flash 
chromatography on SiO2 (hexane/EtOAc, 90:10) to afford 566 mg (83%) of product 179 
as colorless oil.  
Rf 0.93 (hexanes/EtOAc 70:30); IR (thin film): 620, 1071, 1105, 2868, 2946 and 
3311 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 3.69 (t, J = 6.6 Hz, 4H), 2.22 (dt, J = 2.4, 6.9 Hz, 
4H), 1.73 (t, J = 4.0 Hz, 2H), 1.04 (s, 14H); 13C NMR (100 MHz, CDCl3): δ = 69.9, 61.7, 23.0 
17.4, 12.3; EI  m/z (relative intensity) 252 (M+, 64), 134 (30), 114 (100) 103 (21); HRMS 
calcd for C14H24O2Si
+: 252.1546 found: 252.1541. 
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Pentacyclo-[14.1.01,10.03,7.04,5.04,11]-13,17-(di-isopropyloxy)-pentadeca-5,8-
diene (180a) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (300 mg, 1.32 mmols) hexanes (0.3 L) was irradiated for 4 h 
with a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under nitrogen 
bubbling and stirring. Alkyne 179 (400 mg, 1.58 mmols) in hexanes (20 ml) was 
introduced to the reaction mixture while irradiating during 2 h using a syringe pump. 
The resulting solution was filtered through a pad of celite and the cake washed with 
hexanes. The filtrate was concentrated and the crude residue was purified by flash 
chromatography on SiO2 (hexane/EtOAc = 100:0, then 98:2) giving 320 mg (70%) of 
product 180a as colorless oil. 
Rf 0.88 (hexanes/EtOAc 90:10); IR (thin film): 884, 1040, 1110, 1463, 2866, and 
2921 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 5.65 (dd, J = 6.5, 11 Hz, 1H), 5.53 (dd, J = 8.0, 
11.5 Hz, 1H), 5.36 (t, J = 3.0 Hz, 1H), 4.04 (dq, J = 3.2, 10.4 Hz, 1H), 3.74 (m, 2H), 4.0 (m, 
2H), 2.91 (q, J = 8.5 Hz, 1H), 2.62 (m, 2H), 2.44 (M, 3H), 1.98 (m, 1H), 1.94 (t, J = 2.4, 1H), 
1.55 (s, 2H), 1.50 (d, J = 13.5 Hz, 1H), 1.30 (m, 1H),  1.23 (s, 3H), 1.06 (m, 4H), 1.05 (s, 
5H); 13C NMR (100 MHz, CDCl3): δ = 144.6, 132.4, 131.3, 124.9, 64.5, 63.3, 54.0, 49.3, 
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46.7, 39.0, 36.7, 35.0, 33.6, 30.6, 26.8, 17.5, 17.6, 12.3, 11.9; ESI  m/e 345 [(M+H)], 363 
[(M+K)+] 707 [(2M+K)+]; HRMS calcd for C21H32O2Si
+: 344.2172 found: 344.2184. 
 
5,11-(dihydroxyethyl)-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (180b) 
To a solution of compound 180a (500 mg, 1.05 mmols) in THF (20 ml) under N2 
atmosphere at 0 ᴏC, was added dropwise TBAF (I M in THF, 5.0 ml, 5.0 mmols). The 
mixture was warmed to rt and stirred for 2 h. Water (25 ml) was added, and the mixture 
was extracted with EtOAc (3 x 50 ml). The organic extracts were combined, washed with 
brine, dried over MgSO4, filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10 then 40:60) to afford 209 mg (90%) 
of alcohol 180b as colorless oil. 
Rf 0.49 (hexanes/EtOAc 20:80); IR (thin film): 864, 1050, 1420, 2096, 3224 cm
-1; 
1H NMR (400 MHz, CDCl3): δ = 5.68 (dd, J = 6.8, 6.4 Hz, 1H), 5.57 (dd, J = 7.2, 7.2 Hz, 1H), 
5.38 (s, 1H), 4.0-4.11 (m, 4H), 3.76-3.82 (m, 2H), 2.94 (q, J = 8.0, 1H), 2.63-2.67 (m, 2H), 
2.45-2.51 (m, 2H), 2.02 (m, 1H), 1.53 (d, J = 13.2 Hz, 1H), 1.34 (dd, J = 4.8, 4.0 Hz, 1H), 
1.16 (m, 1H); 13C NMR (100 MHz, CDCl3): δ = 144.5, 132.3, 131.3, 124.9, 64.5, 63.2, 53.9, 
49.2, 46.7, 38.9, 36.7, 35.0, 33.5, 30.6, 26.7, 17.6, 17.6, 17.2, 12.3, 11.9; ESI  m/e 233 
[(M+H)], 271 [(M+K)+] 503 [(2M+K)+]; HRMS calcd for C15H21O2
+: 233.1541 found: 
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233.1545.  
 
5,11-(dihydroxyethyl)-5,6-epoxy-tetracyclo-[8.1.01,10.03,7.04,11]-undec-8-ene 
(181) 
 
To a solution of alcohol 180b (520 mg, 2.20 mmols) in DCM (10 ml) containing 3 
Å molecular sieves (100 mg) at rt was introduced VO(acac)2 (17.5 mg, 0.066 mmols), 
followed after 10 min  by t-BuOOH ( 5.5 M in decane, 0.48 ml, 2.64 mmols). The 
resulting mixture was stirred at rt for 2 h. Me2S (5 ml) and sat. NH4Cl saturated aqueous 
solution (10 ml) were added and the resulting mixture was stirred at rt for 2 more hours. 
The mixture was extracted with DCM (3 X 5 ml). The organic extracts were combined, 
washed with brine, dried over MgSO4, filtered and concentrated. The crude residue was 
purified by flash chromatography on SiO2 (hexane/EtOAc, 90:10 then 50:50) to give 372 
mg (68%) of epoxide 181 as colorless oil.   
Rf 0.32 (hexanes/EtOAc 20:80); IR (thin film): 1050, 1110, 1235, 1476, 2870, and 
2933 cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.83 (dd, J = 7.6, 7.2 Hz, 1H), 5.47 (dd, J = 6.8, 
6.4 Hz, 1H), 4.06 (q, J = 7.6, 7.2 Hz, 1H), 3.77 (m, 2H), 3.68 (m, 4H), 3.19 (s, 1H), 2.95 (d, J 
= 8.0 Hz, 1H), 2.55 (t, J = 6.8 Hz, 1H), 2.32 (m, 2H), 2.01 (s, 1H), 1.96 (m, 1H), 1.52 (q, J = 
5.2, 4.8 Hz, 1H), 1.44 (d, J = 13.2 Hz, 1H), 1.35 (m, 1H), 1.21 (t, J = 7.0 Hz, 1H); 13C NMR 
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(100 MHz, CDCl3): δ = 129.2, 124.3, 67.5, 66.5, 60.5, 59.5, 51.6, 42.2, 41.5, 38.6, 37.8, 
34.9, 32.0, 28.3, 25.7; ESI  m/e 249 [(M+H)], 287 [(M+K)+] 535 [(2M+K)+]; HRMS calcd for 
C15H21O3
+: 249.1490 found: 249.1493. 
 
5,11-(di-(tert-butyldimethylsiloxyethyl)-5,6-epoxy-tetracyclo-
[8.1.01,10.03,7.04,11]-undec-8-ene (182a) 
 
To a solution of diol 181 (680 mg, 2.78 mmols) in DCM (20 ml) under N2 
atmosphere at 0 ᴏC, was added Et3N (1.55 ml, 11.12 mmols) and DMAP (40 mg, 0.28 
mmols). TBSCl (1.24 g, 8.22 mmols) in DCM (10 ml) was added dropwise. Stirring was 
continued for 2 h at 0 ᴏC and 3 h at rt. The solvent was evaporated under reduced 
pressure and the residue was taken up in pentane (20 ml) and filtered through a small 
pad of silica gel to give 1.09 g (82%) of product 182a as colorless oil after solvent 
removal. 
Rf 0.65 (hexanes/EtOAc 90:10); IR (thin film): 890, 1025, 1130, 1240, 1463, 2870, 
and 2940 cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.84 (dd, J = 8.4, 8.0 Hz, 1H), 5.47 (dd, J = 
6.4, 6.8 Hz, 1H), 3.69 (m, 4H), 3.13 (s, 1H), 2.90 (d, J = 8.0 Hz, 1H), 2.53 (t, J = 7.4 Hz, 1H), 
2.27-2.34 (m, 1H), 2.17-2.24 (m, 1H), 1.92-2.08 (m, 2H), 1.56 (m, 1H), 1.44 (d, J = 14 Hz, 
1H), 1.36 (m, 1H), 1.24 (m, 2H), 0.88 (m, 18H), 0.03 (m, 12H); 13C NMR (100 MHz, CDCl3): 
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δ = 129.1, 124.5, 66.9, 65.7, 61.2, 59.4, 51.8, 42.6, 41.6, 38.8, 37.9, 35.1, 33.4, 28.3, 25.9, 
22.7, 17.5, 17.32, 14.1, -5.3, -5.4; ESI  m/e 477 [(M+H)], 515 [(M+K)+] 991 [(2M+K)+]; 
HRMS calcd for C27H49O3Si2
+: 477.3220 found: 477.3224. 
 
5,11-(di-(tert-butyldimethylsiloxyethyl)-5,6-epoxy-8,9-dihydroxy-tetracyclo-
[8.1.01,10.03,7.04,11]-undecane (182b) 
 
To a solution of compound 182a (720 mg, 1.51 mmols) in t-BuOH( 15 ml) and 
water (15 ml) was introduced successively methanesulfonamide (0.72 g, 7.55 mmols), 
K2CO3 (630 mg, 4.53 mmols), K3Fe(CN)6 (1.49 g, 4.53 mmols), pyridine (0.37 ml, 4.53 
mmols) and OsO4 (120 mg, 0.46 mmols). The resulting mixture was stirred at rt for 16 h. 
A saturated aqueous solution of sodium sulfite Na2SO3 was added, and the mixture was 
extracted with EtOAc (3 x 30 ml). The organic extracts were combined, washed with 
brine solution (30 ml), dried over MgSO4, filtered and concentrated. The crude residue 
was purified by flash chromatography on SiO2 (hexane/EtOAc, 60:40) to give 479 mg 
(63%) of diol 182b. 
Rf 0.20 (hexanes/EtOAc 20:80); IR (thin film): 870, 1040, 1110, 1230, 1463, 2890, 
and 3610, 3654 cm-1; 1H NMR (400 MHz, CDCl3): δ = 4.26 (d, J = 4.0 Hz, 1H), 3.98 (s, 1H), 
3.56-3.71 (m, 4H), 3.13 (s, 1H), 2.75 (d, J = 8.4 Hz, 2H), 2.60 (d, J = 14 Hz, 2H), 2.45-2.48 
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(dd, J = 4.0, 3.6 Hz, 1H), 2.30 (q, J = 8.4 Hz, 1H), 2.18-2.23 (m, 2H), 2.05-2.10 (m, 1H), 
2.04 (s, 1H), 1.82-1.88 (m, 1H), 0.87 (m, 18H),  0.03 (m, 12H); 13C NMR (100 MHz, CDCl3): 
δ = 72.7, 69.4, 65.9, 64.5, 61.1, 58.6, 52.2, 42.3, 41.2, 38.2, 32.6, 32.1, 30.5, 27.7, 25.9, -
5.5; ESI  m/e 511 [(M+H)], 549 [(M+K)+] 1059 [(2M+K)+]; HRMS calcd for C27H51O5Si2
+: 
511.3275 found: 511.3279.  
 
5,11-(di-(tert-butyldimethylsiloxyethyl)-5,6-epoxy-8,9-dicarbonyl-tetracyclo-
[8.1.01,10.03,7.04,11]-undecane (183) 
 
To a solution of trifluoroacetic anhydride (0.26 ml, 1.85 mmols) and DMSO (0.2 
ml, 2.79 mmols) in DCM (2 ml) at -78 0C, was added a solution of diol 182b (230 mg, 0.45 
mmols) in DCM/THF (10 ml, 2:1) slowly. The reaction mixture was stirred for 2 h at -78 
0C, triethylamine (0.76 ml, 5.45 mmols) was added and stirring was continued at -78 0C 
for 1 h. The reaction mixture was allowed to warm to rt over 2 h. The reaction mixture 
was poured into water (10 ml) and DCM (20) was added. The organic layer was 
separated, washed with water (20 ml), dried over MgSO4, filtered and concentrated. The 
crude residue was purified by flash chromatography on SiO2 (hexane/EtOAc, 98:2) to 
give 270 mg (86%) of diketone 183 as a white solid: Melting Point 84-86 0C. 
Rf 0.25 (hexanes/EtOAc 90:10); IR (thin film): 845,1065, 1216, 1680, 1715, 2210, 
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2899 cm-1; 1H NMR (400 MHz, CDCl3): δ = 3.61-3.79 (m, 4H), 3.34 (s, 1H), 3.32 (d, J = 8.8 
Hz, 1H), 3.18 (d, J = 8.8 Hz, 1H), 2.72 (q, J = 8.8 Hz, 1H), 2.23-2.40 (m, 4H), 2.14-2.17 (m, 
1H), 1.98-2.05 (m, 2H), 1.85 (d, J = 14.8 Hz, 1H), 1.57-1.65 (m, 2H), 0.89 (m, 18H), 0.05 
(m, 12H); 13C NMR (100 MHz, CDCl3): δ = 201.1, 67.0, 61.4, 60.3, 58.8, 54.7, 51.6, 42.4, 
38.9, 37.4, 37.3, 37.2, 32.4, 28.1, 25.9, 25.8, 18.3, 18.2, -5.4, -5.5 ; ESI  m/e 507 [(M+H)], 
529 [(M+Na)+]; HRMS calcd for C27H48O5Si2
+: 508.3040 found: 508.3046; Anal. Calcld for 
C27H46O5Si2: C, 63.98; H, 9.15; O, 15.78, Si, 11.08; found: C, 63.96; H, 9.19. 
 
1,1,3,3-tetramethyl-1,3-bis(prop-2-yn-1-yloxy)disiloxane (191) 
Propargyl alcohol (1.0 ml, 16.93 mmols) was added to a solution of 1,3-dichloro-
1,1,3,3-tetramethyldisoloxane (1.47 ml, 7.45 mmols), Dimethyl aminopyridine (DMAP) 
(91.0 mg, 0.745 mmols) and triethylamine (7.56 ml, 54.18 mmols) in DCM (35 ml) at 0 
ᴏC. After 2 h, the reaction mixture was concentrated in vacuo. The crude residue was 
purified by flash chromatography on SiO2 (hexane/EtOAc, 90:10) to afford 1.67 g (92%) 
of product 191 as colorless oil.   
Rf 0.86 (hexanes/EtOAc 70:30); IR (thin film): 755, 807, 1056, 1096, 1217, 1264, 
2965, and 3309  cm-1; 1H NMR (400 MHz, CDCl3): δ = 4.32 (d, J = 2.4 Hz, 4H), 2.38 (t, J = 
2.4 Hz, 2H), 0.14 (s, 12H); 13C NMR (100 MHz, CDCl3): δ = 81.7, 73.1, 50.4, -1.1; HRMS 
calcd for C10H18O3Si2
+: 242.0794 found: 242.0797. 
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2,7-dimethylene-tetracyclo[8.1.03,7.07,8.04,11]-undeca-9-ene (194); 4,6-(di-
(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (195); 11-methylene-
5-(hydroxymethyl)-tricyclo-[8.1.03,7.04,11]undeca-5,9-diene (196); 4,5-(di-
(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (178) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (200 mg, 0.88 mmols) hexanes (0.2 L) was irradiated for 4 h 
with a Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under nitrogen 
bubbling and stirring.  Diyne 191 (260 mg, 1.06 mmols) in hexanes (20 ml) was 
introduced to the reaction mixture while irradiating during 2 h using a syringe pump. 
The resulting solution was filtered through a pad of celite and the cake washed with 
hexanes. The filtrate was concentrated and the crude residue was subjected to silyl 
deprotection using TBAF (IM solution in THF, 4.5 ml, 4.5 mmols) in THF (15 ml) at 0 ᴏC. 
The mixture was warmed to rt and stirred for 2 h. Water (25 ml) was added, and the 
mixture was extracted with EtOAc (3 x 50 ml). The organic extracts were combined, 
washed with brine, dried over MgSO4, filtered and concentrated. The crude residue was 
purified by flash chromatography on SiO2 (hexane/EtOAc = 100:0, then 98:2, then 50:50) 
giving: 320 mg (25%) of product 178, (25%) of product 194, 8% of product 195 and 8% of 
product 196. 
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2,7-dimethylene-tetracyclo[8.1.03,7.07,8.04,11]-undeca-9-ene (194) 
Rf 0.93 (hexanes/EtOAc 90:10); IR (thin film): 1052, 1407, 2912, and 2967 cm
-1 ; 
1H NMR (400 MHz, CDCl3): δ = 5.74-5.80 (m, 1H), 5.62 (dd, J = 6.4, 6.4 Hz, 1H), 4.99 (d, J 
= 18 Hz, 2H), 4.78 (d, J = 20 Hz, 2H), 3.64 (q, J = 9.6 Hz, 1H), 3.32 (q, J = 8.8, 7.2 Hz, 1H), 
2.95 (t, J = 7.2 Hz, 1H), 2.24 (dd, J = 5.6, 3.2 Hz, 1H), 2.02 (m, 1H), 1.94 (d, J = 12.0 Hz, 
1H), 1.77-1.84 (m, 1H), 1.64 (q, J = 8.0, 6.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ = 157.3, 
156.2, 131.9, 126.5, 107.7, 104.9, 54.7, 48.1, 44.1, 36.2, 35.5, 31.1, 26.4; ESI  m/e 171 
[(M+H)+], 193 [(M+Na)+], 363 [(2M+Na)+]; HRMS calcd for C13H15: 171.1174 found: 
171.1167.  
 
4,6-(di-(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (195) 
Rf 0.35 (hexanes/EtOAc 20:80); IR (thin film): 755, 1218, 1733, 2929, 3027, and 
3337 (broad) cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.75 (dd, J = 6.8, 6.4 Hz, 1H), 5.63 (dd, 
J = 7.2, 7.6 Hz, 1H), 5.55 (s, 1H), 4.08 (s, 2H), 3.74 (d, J = 10.4 Hz, 1H), 3.53 (d, J = 10.8 Hz, 
1H), 2.93 (br s, 2H), 2.80 (t, J = 8.0 Hz, 1H), 2.69 (t, J = 8.0 Hz, 1H),  1.93-1.99 (m, 1H), 
111 
 
 
 
1.65-1.69 (m, 1H), 1.60 (d, J = 14.0 Hz, 1H), 1.44 (t, J = 6.8 Hz, 1H), 1.30 (q, J = 8.0, 8.4 Hz, 
1H); 13C NMR (100 MHz, CDCl3): δ = 152.6, 130.5, 126.7, 126.1, 66.8, 63.3, 60.5, 49.5, 
47.9, 29.7, 26.9, 25.6, 21.3; ESI  m/e 205 [(M+H)], 243 [(M+K)+] 447 [(2M+K)+]; HRMS 
calcd for C13H17O2
+: 205.1228 found: 205.1232. 
 
11-methylene-5-(hydroxymethyl)-tricyclo-[8.1.03,7.04,11]undeca-5,9-diene (196) 
Rf 0.23 (hexanes/EtOAc 90:10); IR (thin film): 841, 1068, 1464, 2875, 2927, 2960 
and 3560 cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.56-5.60 (m, 1H), 5.21 (s, 1H), 5.09-5.16 
(m, 1H), 4.92 (s, 1H), 4.77 (s, 1H), 4.27-4.34 (m, 2H), 3.45 (d, J = 8.4 Hz, 1H), 3.25 (br s, 
1H), 3.08-3.14 (m, 2H), 2.58 (dd, J = 3.2, 3.2 Hz, 1H), 2.26 (d, J = 12.8 Hz, 1H), 2.05-2.12 
(m, 1H), 1.73-1.79 (m, 1H), 1.62 (s, 1H); 13C NMR (100 MHz, CDCl3): δ = 157.8, 146.5, 
133.6, 128.9, 124.9, 105.1, 61.0, 55.2, 49.9, 49.8, 45.6, 32.5, 29.7; ESI  m/e 189 [(M+H)], 
227 [(M+K)+] 415 [(2M+K)+]; HRMS calcd for C13H17O
 +: 189.1279 found: 189.1283. 
 
     4,5-(di-(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene 
(178) 
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Rf 0.30 (hexanes/EtOAc 50:50); IR (thin film): 756, 1216, 1729, 2926, 3022, and 
3333 (broad) cm-1; 1H NMR (400 MHz, CDCl3): δ = 5.57-5.66 (m, 3H), 4.29 (d, J = 12.0 Hz, 
1H), 4.20 (d, J = 12.0 Hz, 1H), 3.80 (d, J = 11.2 Hz, 1H), 3.54 (d, J = 11.6 Hz, 1H), 2.76 (m, 
1H), 2.63 (t, J = 8.0 Hz, 1H),  1.95-2.0 (m, 1H), 1.62-1.67 (m, 1H), 1.59 (s, 1H), 1.55 (m, 
1H), 1.32 (m, 1H); 13C NMR (100 MHz, CDCl3): δ = 142.6, 135.4, 130.0, 125.4, 66.3, 63.7, 
61.2, 49.6, 45.9, 26.3, 25.5, 24.9, 21.6; ESI  m/e 205 [(M+H)], 243 [(M+K)+] 447 
[(2M+K)+]; HRMS calcd for C13H17O2
+: 205.1228 found: 205.1232.  
 
5,11-(di-(tert-butyldimethylsiloxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-
undeca-5,8-diene (198) 
 
In a photochemical reactor outfitted with a water-cooled Pyrex immersion well, 
a solution of complex 24 (200 mg, 0.88 mmols) and alkyne (750 mg, 4.40 mmols) 
hexanes (200 ml) was irradiated for 4 h with a Canrad-Hanovia 450 W medium-pressure 
mercury vapor lamp under nitrogen bubbling and stirring. The resulting green solution 
was filtered through a pad of celite and the cake washed with hexanes. The filtrate was 
concentrated and the crude material was purified by flash chromatography on SiO2 
(hexane/EtOAc = 100:0, then 90:10) giving 168 mg (44%) of complex product 198 as 
colorless oil. 
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Rf 0.88 (hexanes/EtOAc 90:10); IR (thin film): 887, 1035, 1110, 1465, 2870, and 
2926 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 5.70 (dd, J = 6.4, 6.8 Hz, 1H), 5.59 (dd, J = 3.2, 
2.4 Hz, 1H), 5.56 (d, J = 7.2 Hz, 1H), 4.30 (q, J = 14.0, 11.2 Hz, 2H), 3.79 (d, J = 10.4 Hz, 
1H), 3.59 (d, J = 10.4 Hz, 1H), 3.15 (d, J = 8.4 Hz, 1H), 2.99 (d, J = 8.4 Hz, 1H), 2.73 (t, J = 
6.4 Hz, 1H), 1.97 (m, 1H), 1.51-1.58 (m, 2H), 1.37 (t, J = 8.4 Hz, 1H), 0.90 (m, 18H), 0.04 
(m, 12H); 13C NMR (100 MHz, CDCl3): δ = 144.5, 131.3, 131.1, 124.7, 66.0, 62.7, 52.6, 
49.7, 46.9, 38.5, 32.1, 26.5, 26.0, 25.7, 18.4, -5.3, -5.4; ESI  m/e 433 [(M+H)], 471 
[(M+K)+] 903 [(2M+K)+]; HRMS calcd for C25H45O2Si2
+: 433.2958 found: 433.2962. 
 
5,11-(di-(hydroxymethyl))-tetracyclo-[8.1.01,10.03,7.04,11]-undeca-5,8-diene (192) 
To a solution of compound 206 (380 mg, 0.88 mmols) in THF (20 ml) under N2 
atmosphere at 0 ᴏC, was added dropwise TBAF (I M in THF, 10 ml, 10.0 mmols). The 
mixture was warmed to rt and stirred for 2 h. Water (25 ml) was added, and the mixture 
was extracted with EtOAc (3 x 50 ml). The organic extracts were combined, washed with 
brine, dried over MgSO4, filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10 then 40:60) to afford 162 mg (90%) 
of alcohol 192 as colorless oil. 
Rf 0.30 (hexanes/EtOAc 20:80); IR (thin film): 645, 835, 1110, 2950, and 3110 cm
-
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1 ; 1H NMR (400 MHz, CDCl3): δ = 5.61-5.69 (m, 3H), 4.30 (q, J = 13.2, 12.8 Hz, 2H), 3.92 
(d, J = 11.6 Hz, 1H), 3.36 (d, J = 11.6 Hz, 1H), 3.19 (d, J = 8.0 Hz, 1H), 3.05 (q, J = 8.0 Hz, 
1H),  2.73 (m, 1H), 1.99 (m, 1H), 1.55 (d, J = 12.8 Hz, 1H),  1.41-1.51 (m, 2H), 1.25 (s, 1H); 
13C NMR (100 MHz, CDCl3): δ = 143.8, 134.6, 131.2, 124.9, 69.0, 61.9, 54.9, 50.9, 47.0, 
39.1, 33.9, 28.0, 26.1; ESI  m/e 205 [(M+H)], 243 [(M+K)+] 447 [(2M+K)+]; HRMS calcd for 
C13H17O2
+: 205.1228 found: 205.1232. 
 
 
 
Bicyclo[4.2.1]nona-2,4,7-trien-7-ylmethanol (158) 
Rf 0.80 (hexanes/EtOAc 20:80); IR (thin film): 1001, 1155, 1382, 1438, 1633, 
2852, 2936, 2954, 3019 and 3500 cm-1 ; 1H NMR (400 MHz, CDCl3): δ = 6.15 (q, J = 9.6, 
9.2 Hz, 2H), 5.78-5.87 (m, 2H), 5.25 (s, 1H), 4.20 (q, J = 14.0 Hz, 2H), 3.29 (t, J = 6.8 Hz, 
1H), 3.04 (m, 1H), 2.17 (m, 1H), 1.94 (brs, 1H), 1.49 (d, J = 11.2 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ = 140.1, 138.7, 138.5, 124.7, 123.8, 120.4, 59.7, 43.7, 42.8, 31.2; EI  m/e 
(relative intensity) 148 (M+, 12), 130 (42), 115 (100), 91 (60); HRMS calcd for C10H12O
+: 
148.0888 found: 149.0884. 
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CHAPTER 4 
CONCLUSIONS CHAPTER 
 
A. Introduction 
In this chapter, I would like to revisit the goals of the research projects that I 
have worked on, and try to comment on the positive results that we obtained, and the 
problems that prevented us from finishing the proposed work. Also, I will give a future 
look on the things that have to be done and try to give some reasonable solutions for 
these problems. 
B. Summary 
In this thesis I have presented my work, which was focused mainly on applying 
the novel chromium mediated *6π + 2π+ and *6π + 2π + 2π+ photochemical cycloaddition 
reaction between a cyclic triene and an alkyne towards the total synthesis of two novel 
natural products.  
The natural products that we were targeting are the linear triquinane ∆ 9(12) –
Capnellene 60 and the structurally unique sesquiterpenes Echinopines A 124 and B 125.  
In light of the results presented thus far, it was evident that the promising results 
of the model study that we have achieved in the first project, have put us in a good 
position for executing the total synthesis of ∆ 9(12) –Capnellene 60 (Scheme 66). 
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Scheme 66: Rigby’s Approach: Total Synthesis of ∆9(12)-Capnellene 
 
After trying many strategies in order to build the ring system of Echinopines A 
124 and B 125 ranging from using two consecutive chromium mediated *6π + 2π+ 
cycloaddition events with two different alkynes to silicon tether assisted *6π + 2π + 2π+ 
cycloaddition reaction of terminal alkynols, it was envisioned that an appropriate 
strategy would be by employing protected alkynols in two consecutive *6π + 2π+ 
cycloaddition events. To our delight, we were able to obtain cycloadduct 192 in good 
yield, upon irradiation of the chromium complexed cycloheptatriene 24 with OTBS-
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propargyl alcohol 197 after deprotection (Scheme 67). 
Scheme 67: *6π + 2π + 2π+ Cycloaddition 
 
A reevaluation of our strategies led us to the conclusion that cycloadduct 192 
would be a good candidate to start with towards the completion of the total synthesis 
of Echiniopines A 124 and B 125. Our reasoning was that, the presence of a carbinol 
moiety next to the three membered ring in 192 would help us to reduce the 
cyclopropane ring, and also it will be possible to extend this carbinol moiety to the 
proper side chain size in the natural product. 
After careful consideration, the cyclopropylketone moiety was chosen as a 
possible precursor to reduce the cyclopropane ring through a one electron process 
(Scheme 68). 
Scheme 68: Cyclopropyl Ketone Opening 
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C. Future Work 
We have developed a methodology that allowed the construction of the linear 
[5.5.5] ring system of ∆ 9(12) –Capnellene 60. With this viable strategy at our disposal, the 
next task is to apply it to the total synthesis of the target natural product 60 by replacing 
the commercially available (cycloheptatriene)tricarbonylchromium(0)  complex 24 with 
the synthesized 7,7-dimethyl-1,3,5-cycloheptatrine 105 (Scheme 69). 
Scheme 69: Rigby’s Approach: Retrosynthetic Analysis 
 
In order to achieve this synthesis, gram quantities of chromium complex 105 will 
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be needed, therefore a convenient method of making this compound was proposed 
(Scheme 70). 
Scheme 70: Synthesis of 7,7-dimethyl-1,3,5-cycloheptatriene 
 
So far we were able to make compound 123, and our efforts were directed to 
get to compound 118. I believe, compound 118 could be accessed through mesylation 
followed by lithium aluminum hydride reduction.  
Concerning the second project, our efforts were directed towards the total 
synthesis of Echinopines A 124 and B 125. With the success in the preparation of 
cycloadduct 192 in good yields, our synthetic route had to be reconsidered again and a 
viable strategy carefully planned to complete the synthesis. 
With a difficult task that was accomplished, we are hoping that we will be able to 
convert this cycloadduct into the target molecules 124 and 125, using simple chemical 
transformations (Scheme 71). 
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Scheme 71: Rigby’s Approach: Proposed Synthesis Completion Sequence 
 
D. Conclusion 
The methodologies that have been explored in our group have always found 
success in the field of organic synthesis, especially natural product total synthesis.  The 
Chromium (0)-mediated *6π + 2π+ photochemical cycloaddition is one of the 
methodologies that have been extensively studied in our group and have 
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acquired attention from the chemical community, we have great hope that the success 
of this methodology in the total synthesis of the presented natural products in this 
dissertation would add more success and power to our research lab.  
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Appendix A- 1H NMR and 13C NMR Spectra 
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Appendix B- X-Ray Crystallography Data 
 
 
 
 
 
 
 
 
 Table 1.  Crystal data and structure refinement for aure.  
   
   
      Identification code               aure  
   
      Empirical formula                 C17 H28 O3 Si  
   
      Formula weight                    308.48  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  C2/c  
   
      Unit cell dimensions              a = 30.457(7) A   alpha = 90 deg.  
                                        b = 11.916(2) A    beta = 101.734(17) 
deg.  
                                        c = 9.1698(19) A   gamma = 90 deg.  
   
      Volume                            3258.5(12) A^3  
   
      Z, Calculated density             8,  1.258 Mg/m^3  
   
      Absorption coefficient            0.152 mm^-1  
   
      F(000)                            1344  
   
      Crystal size                      0.18 x 0.03 x 0.03 mm  
   
      Theta range for data collection   1.84 to 28.36 deg.  
   
      Limiting indices                  -40<=h<=39, 0<=k<=15, 0<=l<=12  
   
      Reflections collected / unique    16800 / 4064 [R(int) = 0.1137]  
   
      Completeness to theta = 28.30     100.0 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9954 and 0.9731  
   
      Refinement method                 Full-matrix least-squares on F^2  
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      Data / restraints / parameters    4064 / 0 / 243  
   
      Goodness-of-fit on F^2            1.056  
   
      Final R indices [I>2sigma(I)]     R1 = 0.0861, wR2 = 0.1924  
   
      R indices (all data)              R1 = 0.1546, wR2 = 0.2136  
   
      Largest diff. peak and hole       0.719 and -0.369 e.A^-3   
 
 
 
          
         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for aure.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          Si(1)        1834(1)       6839(1)       2182(2)       17(1)  
          C(1)         1495(2)       6979(4)       3659(5)       19(1)  
          C(2)         2310(2)       7848(4)       2689(6)       26(1)  
          C(3)         2071(2)       5385(4)       2245(6)       24(1)  
          C(4)         1563(1)       7111(3)        164(5)       14(1)  
          C(5)         1386(2)       8316(4)       -382(5)       18(1)  
          C(6)         1182(2)       8967(4)        731(5)       16(1)  
          C(7)          695(2)       9002(4)        290(5)       17(1)  
          C(8)          550(2)       8286(4)      -1065(5)       15(1)  
          C(9)          978(1)       8078(4)      -1684(5)       15(1)  
          C(10)        1041(2)       6874(4)      -2191(5)       17(1)  
          C(11)        1238(2)       6233(4)       -749(5)       16(1)  
          C(12)         886(1)       5739(4)         27(5)       15(1)  
          C(13)         575(1)       6536(3)        642(5)       12(1)  
          C(14)         289(1)       7347(4)       -442(5)       14(1)  
          C(15)          11(2)       8064(4)        455(5)       19(1)  
          C(16)         341(2)       8973(4)       1222(5)       17(1)  
          C(17)        1752(2)       9009(4)       -894(5)       22(1)  
          O(1)          949(1)       9983(2)         91(4)       19(1)  
          O(2)          623(1)       4959(3)       -994(3)       17(1)  
          O(3)          267(1)       5834(3)       1222(4)       16(1)  
         ________________________________________________________________  
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           Table 3.  Bond lengths [A] and angles [deg] for aure.  
           _____________________________________________________________  
   
            Si(1)-C(2)                    1.868(5)  
            Si(1)-C(1)                    1.871(5)  
            Si(1)-C(3)                    1.873(5)  
            Si(1)-C(4)                    1.894(5)  
            C(4)-C(11)                    1.562(6)  
            C(4)-C(5)                     1.579(6)  
            C(5)-C(6)                     1.511(6)  
            C(5)-C(17)                    1.535(6)  
            C(5)-C(9)                     1.564(6)  
            C(6)-C(7)                     1.456(6)  
            C(6)-O(1)                     1.465(5)  
            C(7)-O(1)                     1.433(5)  
            C(7)-C(8)                     1.498(6)  
            C(7)-C(16)                    1.508(6)  
            C(8)-C(9)                     1.545(6)  
            C(8)-C(14)                    1.547(6)  
            C(9)-C(10)                    1.531(6)  
            C(10)-C(11)                   1.540(6)  
            C(11)-C(12)                   1.522(6)  
            C(12)-O(2)                    1.442(5)  
            C(12)-C(13)                   1.526(6)  
            C(13)-O(3)                    1.437(5)  
            C(13)-C(14)                   1.526(6)  
            C(14)-C(15)                   1.552(6)  
            C(15)-C(16)                   1.546(7)  
   
            C(2)-Si(1)-C(1)             106.1(2)  
            C(2)-Si(1)-C(3)             108.2(2)  
            C(1)-Si(1)-C(3)             109.0(2)  
            C(2)-Si(1)-C(4)             107.2(2)  
            C(1)-Si(1)-C(4)             119.8(2)  
            C(3)-Si(1)-C(4)             106.1(2)  
            C(11)-C(4)-C(5)             107.5(3)  
            C(11)-C(4)-Si(1)            120.8(3)  
            C(5)-C(4)-Si(1)             121.2(3)  
            C(6)-C(5)-C(17)             110.7(4)  
            C(6)-C(5)-C(9)              103.8(4)  
            C(17)-C(5)-C(9)             112.1(4)  
            C(6)-C(5)-C(4)              114.4(4)  
            C(17)-C(5)-C(4)             111.3(4)  
            C(9)-C(5)-C(4)              104.1(3)  
            C(7)-C(6)-O(1)               58.8(3)  
            C(7)-C(6)-C(5)              111.2(4)  
            O(1)-C(6)-C(5)              112.7(4)  
            O(1)-C(7)-C(6)               60.9(3)  
            O(1)-C(7)-C(8)              115.8(4)  
            C(6)-C(7)-C(8)              109.1(4)  
            O(1)-C(7)-C(16)             123.9(4)  
            C(6)-C(7)-C(16)             130.4(4)  
            C(8)-C(7)-C(16)             109.4(4)  
            C(7)-C(8)-C(9)              105.5(4)  
            C(7)-C(8)-C(14)             101.1(3)  
            C(9)-C(8)-C(14)             123.7(4)  
            C(10)-C(9)-C(8)             115.3(4)  
            C(10)-C(9)-C(5)             105.9(4)  
            C(8)-C(9)-C(5)              106.8(3)  
            C(9)-C(10)-C(11)            104.8(4)  
            C(12)-C(11)-C(10)           113.9(4)  
            C(12)-C(11)-C(4)            116.0(4)  
202 
 
 
 
            C(10)-C(11)-C(4)            102.8(3)  
            O(2)-C(12)-C(11)            107.3(4)  
            O(2)-C(12)-C(13)            109.7(3)  
            C(11)-C(12)-C(13)           118.8(4)  
            O(3)-C(13)-C(14)            106.3(3)  
            O(3)-C(13)-C(12)            105.9(3)  
            C(14)-C(13)-C(12)           117.9(4)  
            C(13)-C(14)-C(8)            115.5(4)  
            C(13)-C(14)-C(15)           107.8(4)  
            C(8)-C(14)-C(15)            100.1(3)  
            C(16)-C(15)-C(14)           104.6(4)  
            C(7)-C(16)-C(15)            103.4(4)  
            C(7)-O(1)-C(6)               60.3(3)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
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    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for aure.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    Si(1)    15(1)      14(1)      21(1)       2(1)       1(1)       0(1)  
    C(1)     20(2)      16(2)      19(2)       1(2)      -1(2)      -1(2)  
    C(2)     17(2)      27(3)      32(3)       2(2)       1(2)      -6(2)  
    C(3)     20(2)      21(2)      32(3)       3(2)       8(2)       2(2)  
    C(4)     15(2)      10(2)      17(2)       1(2)       6(2)       3(2)  
    C(5)     19(2)      14(2)      20(2)       2(2)       2(2)      -1(2)  
    C(6)     18(2)       9(2)      18(2)       2(2)      -1(2)      -1(2)  
    C(7)     25(2)       7(2)      17(2)       0(2)       5(2)       2(2)  
    C(8)     21(2)      13(2)      12(2)       0(2)       3(2)       2(2)  
    C(9)     20(2)      14(2)      11(2)       5(2)       2(2)      -2(2)  
    C(10)    19(2)      16(2)      17(2)       0(2)       6(2)      -3(2)  
    C(11)    16(2)      15(2)      18(2)      -3(2)       6(2)      -1(2)  
    C(12)    13(2)      11(2)      18(2)      -3(2)       1(2)      -1(2)  
    C(13)    14(2)      11(2)      10(2)       0(2)       3(2)      -2(2)  
    C(14)    14(2)      15(2)      13(2)       0(2)       2(2)      -1(2)  
    C(15)    16(2)      18(2)      21(2)       3(2)       3(2)       5(2)  
    C(16)    21(2)      11(2)      20(2)      -1(2)       3(2)       5(2)  
    C(17)    24(2)      17(2)      25(3)       4(2)       5(2)      -3(2)  
    O(1)     21(2)       9(1)      28(2)       4(1)       5(1)       1(1)  
    O(2)     15(2)      16(2)      21(2)      -8(1)       6(1)      -4(1)  
    O(3)     17(2)      17(2)      14(2)       2(1)       3(1)      -2(1)  
    _______________________________________________________________________  
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         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for aure.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(1A)        1251          6426          3485          23  
          H(1B)        1368          7736          3627          23  
          H(1C)        1687          6848          4638          23  
          H(2A)        2501          7621          3637          31  
          H(2B)        2192          8603          2789          31  
          H(2C)        2487          7849          1909          31  
          H(3A)        2253          5241          3238          29  
          H(3B)        2259          5315          1499          29  
          H(3C)        1826          4840          2032          29  
          H(17A)       1641          9772         -1143          27  
          H(17B)       1829          8658         -1775          27  
          H(17C)       2019          9040           -92          27  
          H(4)         1829(15)      7000(40)      -350(50)      16(3)  
          H(6)         1329(16)      9080(40)      1700(50)      16(3)  
          H(8)          331(15)      8760(40)     -1950(50)      16(3)  
          H(9)          990(15)      8600(40)     -2450(50)      16(3)  
          H(10A)       1282(15)      6890(40)     -2800(50)      16(3)  
          H(10B)        746(16)      6620(40)     -2670(50)      16(3)  
          H(11)        1404(16)      5670(40)      -940(50)      16(3)  
          H(12)        1056(15)      5340(40)       860(50)      16(3)  
          H(13)         769(15)      6950(40)      1440(50)      16(3)  
          H(14)          81(15)      6960(40)     -1220(50)      16(3)  
          H(15A)       -128(15)      7650(40)      1200(50)      16(3)  
          H(15B)       -242(16)      8390(40)      -190(50)      16(3)  
          H(16A)        516(15)      8770(40)      2280(50)      16(3)  
          H(16B)        205(15)      9620(40)      1240(50)      16(3)  
          H(02)         374(16)      4780(40)      -620(50)      16(3)  
          H(03)         434(16)      5610(40)      2060(50)      16(3)  
         ________________________________________________________________  
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         Table 6.  Torsion angles [deg] for aure.  
         ________________________________________________________________  
   
          C(2)-Si(1)-C(4)-C(11)                               164.0(3)  
          C(1)-Si(1)-C(4)-C(11)                               -75.3(4)  
          C(3)-Si(1)-C(4)-C(11)                                48.5(4)  
          C(2)-Si(1)-C(4)-C(5)                                -55.6(4)  
          C(1)-Si(1)-C(4)-C(5)                                 65.1(4)  
          C(3)-Si(1)-C(4)-C(5)                               -171.1(3)  
          C(11)-C(4)-C(5)-C(6)                                108.8(4)  
          Si(1)-C(4)-C(5)-C(6)                                -36.2(5)  
          C(11)-C(4)-C(5)-C(17)                              -124.8(4)  
          Si(1)-C(4)-C(5)-C(17)                                90.2(4)  
          C(11)-C(4)-C(5)-C(9)                                 -3.8(4)  
          Si(1)-C(4)-C(5)-C(9)                               -148.8(3)  
          C(17)-C(5)-C(6)-C(7)                                127.7(4)  
          C(9)-C(5)-C(6)-C(7)                                   7.3(5)  
          C(4)-C(5)-C(6)-C(7)                                -105.5(4)  
          C(17)-C(5)-C(6)-O(1)                                 63.9(5)  
          C(9)-C(5)-C(6)-O(1)                                 -56.6(4)  
          C(4)-C(5)-C(6)-O(1)                                -169.4(3)  
          C(5)-C(6)-C(7)-O(1)                                -104.5(4)  
          O(1)-C(6)-C(7)-C(8)                                 109.6(4)  
          C(5)-C(6)-C(7)-C(8)                                   5.1(5)  
          O(1)-C(6)-C(7)-C(16)                               -111.3(5)  
          C(5)-C(6)-C(7)-C(16)                                144.2(5)  
          O(1)-C(7)-C(8)-C(9)                                  50.7(5)  
          C(6)-C(7)-C(8)-C(9)                                 -15.4(5)  
          C(16)-C(7)-C(8)-C(9)                               -163.5(4)  
          O(1)-C(7)-C(8)-C(14)                               -179.3(3)  
          C(6)-C(7)-C(8)-C(14)                                114.5(4)  
          C(16)-C(7)-C(8)-C(14)                               -33.6(5)  
          C(7)-C(8)-C(9)-C(10)                                137.0(4)  
          C(14)-C(8)-C(9)-C(10)                                21.8(6)  
          C(7)-C(8)-C(9)-C(5)                                  19.7(4)  
          C(14)-C(8)-C(9)-C(5)                                -95.5(5)  
          C(6)-C(5)-C(9)-C(10)                               -139.9(3)  
          C(17)-C(5)-C(9)-C(10)                               100.7(4)  
          C(4)-C(5)-C(9)-C(10)                                -19.8(4)  
          C(6)-C(5)-C(9)-C(8)                                 -16.5(4)  
          C(17)-C(5)-C(9)-C(8)                               -135.9(4)  
          C(4)-C(5)-C(9)-C(8)                                 103.6(4)  
          C(8)-C(9)-C(10)-C(11)                               -81.2(4)  
          C(5)-C(9)-C(10)-C(11)                                36.6(4)  
          C(9)-C(10)-C(11)-C(12)                               88.3(4)  
          C(9)-C(10)-C(11)-C(4)                               -38.0(4)  
          C(5)-C(4)-C(11)-C(12)                               -99.4(4)  
          Si(1)-C(4)-C(11)-C(12)                               45.7(5)  
          C(5)-C(4)-C(11)-C(10)                                25.6(4)  
          Si(1)-C(4)-C(11)-C(10)                              170.7(3)  
          C(10)-C(11)-C(12)-O(2)                               60.8(5)  
          C(4)-C(11)-C(12)-O(2)                               179.9(3)  
          C(10)-C(11)-C(12)-C(13)                             -64.2(5)  
          C(4)-C(11)-C(12)-C(13)                               54.9(5)  
          O(2)-C(12)-C(13)-O(3)                                52.9(4)  
          C(11)-C(12)-C(13)-O(3)                              176.7(4)  
          O(2)-C(12)-C(13)-C(14)                              -65.9(5)  
          C(11)-C(12)-C(13)-C(14)                              57.9(5)  
          O(3)-C(13)-C(14)-C(8)                               172.9(3)  
          C(12)-C(13)-C(14)-C(8)                              -68.5(5)  
          O(3)-C(13)-C(14)-C(15)                               62.0(4)  
          C(12)-C(13)-C(14)-C(15)                            -179.4(4)  
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          C(7)-C(8)-C(14)-C(13)                               -70.5(4)  
          C(9)-C(8)-C(14)-C(13)                                46.8(6)  
          C(7)-C(8)-C(14)-C(15)                                44.8(4)  
          C(9)-C(8)-C(14)-C(15)                               162.1(4)  
          C(13)-C(14)-C(15)-C(16)                              79.9(4)  
          C(8)-C(14)-C(15)-C(16)                              -41.1(4)  
          O(1)-C(7)-C(16)-C(15)                               150.3(4)  
          C(6)-C(7)-C(16)-C(15)                              -131.1(5)  
          C(8)-C(7)-C(16)-C(15)                                 7.9(5)  
          C(14)-C(15)-C(16)-C(7)                               21.2(4)  
          C(8)-C(7)-O(1)-C(6)                                 -98.4(4)  
          C(16)-C(7)-O(1)-C(6)                                121.4(5)  
          C(5)-C(6)-O(1)-C(7)                                 101.8(4)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for aure [A and deg.].  
 ____________________________________________________________________________  
   
 Hydrogen bonds with  H..A < r(A) + 2.000 Angstroms  and  <DHA > 110 deg. 
 
 D-H           d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 
 O2-H02         0.919    2.055   142.25    2.838    O3 [ -x, -y+1, -z ] 
 O2-H02         0.919    2.179   114.99    2.699    O3  
 
 O3-H03         0.873    1.884   162.82    2.730    O2 [ x, -y+1, z+1/2 ] 
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Table 1.  Crystal data and structure refinement for msim.  
   
   
   
      
 
      Identification code               msim  
   
      Empirical formula                 C17 H26 O3 Si  
   
      Formula weight                    306.47  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  Cc  
   
      Unit cell dimensions              a = 7.7516(2) A   alpha = 90 deg.  
                                        b = 28.5399(8) A    beta = 114.7530(10) 
deg.  
                                        c = 7.8838(3) A   gamma = 90 deg.  
   
      Volume                            1583.88(9) A^3  
   
      Z, Calculated density             4,  1.285 Mg/m^3  
   
      Absorption coefficient            0.156 mm^-1  
   
      F(000)                            664  
   
      Crystal size                      0.28 x 0.16 x 0.11 mm  
   
      Theta range for data collection   1.43 to 30.26 deg.  
   
      Limiting indices                  -10<=h<=10, 0<=k<=40, -11<=l<=11  
   
      Reflections collected / unique    22794 / 4569 [R(int) = 0.0469]  
   
      Completeness to theta = 28.30     99.8 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9830 and 0.9575  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    4569 / 2 / 250  
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      Goodness-of-fit on F^2            1.023  
   
      Final R indices [I>2sigma(I)]     R1 = 0.0336, wR2 = 0.0808  
   
      R indices (all data)              R1 = 0.0394, wR2 = 0.0839  
   
      Absolute structure parameter      0.02(8)  
   
      Largest diff. peak and hole       0.302 and -0.231 e.A^-3  
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         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for msim.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          Si(1)        5206(1)       9114(1)       3907(1)       16(1)  
          C(1)         3430(2)       9161(1)       1370(2)       15(1)  
          C(2)         1226(2)       9093(1)        698(2)       16(1)  
          C(3)          768(2)       8705(1)       1753(2)       16(1)  
          C(4)          357(2)       8271(1)        664(2)       16(1)  
          C(5)          928(2)       7780(1)       1315(2)       19(1)  
          C(6)         2697(2)       7727(1)        899(2)       20(1)  
          C(7)         2513(2)       8093(1)       -660(2)       16(1)  
          C(8)         4327(2)       8419(1)       -128(2)       16(1)  
          C(9)         3909(2)       8948(1)       -198(2)       16(1)  
          C(10)        2101(2)       9054(1)      -1959(2)       19(1)  
          C(11)         588(2)       8893(1)      -1319(2)       18(1)  
          C(12)         621(2)       8357(1)      -1101(2)       16(1)  
          C(13)        5387(2)       8563(1)       5262(2)       20(1)  
          C(14)        7565(2)       9282(1)       3937(2)       24(1)  
          C(15)        4550(3)       9594(1)       5168(2)       26(1)  
          C(16)         210(2)       9550(1)        720(3)       24(1)  
          C(17)        2441(2)       7833(1)      -2371(2)       23(1)  
          O(1)        -1202(2)       8528(1)        777(2)       19(1)  
          O(2)         5785(2)       8289(1)       1627(2)       19(1)  
          O(3)         1387(2)       7921(1)      -3970(2)       31(1)  
         ________________________________________________________________  
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           Table 3.  Bond lengths [A] and angles [deg] for msim.  
           _____________________________________________________________  
   
            Si(1)-C(13)                   1.8737(16)  
            Si(1)-C(14)                   1.8808(16)  
            Si(1)-C(15)                   1.8830(17)  
            Si(1)-C(1)                    1.8992(15)  
            C(1)-C(9)                     1.556(2)  
            C(1)-C(2)                     1.575(2)  
            C(2)-C(3)                     1.514(2)  
            C(2)-C(16)                    1.528(2)  
            C(2)-C(11)                    1.562(2)  
            C(3)-C(4)                     1.465(2)  
            C(3)-O(1)                     1.4819(17)  
            C(4)-O(1)                     1.4483(17)  
            C(4)-C(5)                     1.493(2)  
            C(4)-C(12)                    1.509(2)  
            C(5)-C(6)                     1.545(2)  
            C(6)-C(7)                     1.573(2)  
            C(7)-C(17)                    1.520(2)  
            C(7)-C(12)                    1.553(2)  
            C(7)-C(8)                     1.5892(19)  
            C(8)-O(2)                     1.4216(18)  
            C(8)-C(9)                     1.540(2)  
            C(9)-C(10)                    1.534(2)  
            C(10)-C(11)                   1.529(2)  
            C(11)-C(12)                   1.539(2)  
            C(17)-O(3)                    1.207(2)  
   
            C(13)-Si(1)-C(14)           111.45(8)  
            C(13)-Si(1)-C(15)           106.36(8)  
            C(14)-Si(1)-C(15)           106.55(8)  
            C(13)-Si(1)-C(1)            120.54(7)  
            C(14)-Si(1)-C(1)            105.53(7)  
            C(15)-Si(1)-C(1)            105.52(7)  
            C(9)-C(1)-C(2)              105.67(11)  
            C(9)-C(1)-Si(1)             120.01(10)  
            C(2)-C(1)-Si(1)             123.48(10)  
            C(3)-C(2)-C(16)             112.20(13)  
            C(3)-C(2)-C(11)             104.13(12)  
            C(16)-C(2)-C(11)            112.28(13)  
            C(3)-C(2)-C(1)              112.13(12)  
            C(16)-C(2)-C(1)             112.46(12)  
            C(11)-C(2)-C(1)             102.98(11)  
            C(4)-C(3)-O(1)               58.87(8)  
            C(4)-C(3)-C(2)              109.91(12)  
            O(1)-C(3)-C(2)              113.12(12)  
            O(1)-C(4)-C(3)               61.14(9)  
            O(1)-C(4)-C(5)              126.03(12)  
            C(3)-C(4)-C(5)              129.16(13)  
            O(1)-C(4)-C(12)             114.41(12)  
            C(3)-C(4)-C(12)             108.81(12)  
            C(5)-C(4)-C(12)             109.58(12)  
            C(4)-C(5)-C(6)              100.41(11)  
            C(5)-C(6)-C(7)              107.61(12)  
            C(17)-C(7)-C(12)            110.95(13)  
            C(17)-C(7)-C(6)             109.13(13)  
            C(12)-C(7)-C(6)             105.36(11)  
            C(17)-C(7)-C(8)             102.70(11)  
            C(12)-C(7)-C(8)             115.00(11)  
            C(6)-C(7)-C(8)              113.71(12)  
            O(2)-C(8)-C(9)              111.17(12)  
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            O(2)-C(8)-C(7)              111.03(11)  
            C(9)-C(8)-C(7)              114.55(11)  
            C(10)-C(9)-C(8)             108.91(12)  
            C(10)-C(9)-C(1)             102.18(12)  
            C(8)-C(9)-C(1)              118.11(12)  
            C(11)-C(10)-C(9)            100.29(12)  
            C(10)-C(11)-C(12)           110.86(12)  
            C(10)-C(11)-C(2)            105.44(12)  
            C(12)-C(11)-C(2)            105.47(12)  
            C(4)-C(12)-C(11)            105.23(12)  
            C(4)-C(12)-C(7)             101.20(12)  
            C(11)-C(12)-C(7)            118.53(11)  
            O(3)-C(17)-C(7)             125.63(16)  
            C(4)-O(1)-C(3)               59.99(9)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
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    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for msim.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    Si(1)    15(1)      17(1)      17(1)       0(1)       8(1)      -1(1)  
    C(1)     13(1)      16(1)      18(1)       1(1)       8(1)      -1(1)  
    C(2)     12(1)      17(1)      20(1)       2(1)       8(1)       1(1)  
    C(3)     12(1)      20(1)      20(1)       0(1)       9(1)       0(1)  
    C(4)     11(1)      20(1)      18(1)      -1(1)       9(1)      -2(1)  
    C(5)     18(1)      19(1)      23(1)      -1(1)      13(1)      -3(1)  
    C(6)     18(1)      18(1)      27(1)       4(1)      13(1)       1(1)  
    C(7)     14(1)      20(1)      18(1)      -2(1)       9(1)      -2(1)  
    C(8)     12(1)      20(1)      17(1)      -1(1)       8(1)      -1(1)  
    C(9)     13(1)      20(1)      18(1)       3(1)       8(1)      -2(1)  
    C(10)    18(1)      23(1)      17(1)       3(1)       7(1)      -1(1)  
    C(11)    13(1)      21(1)      18(1)       3(1)       6(1)       1(1)  
    C(12)    12(1)      21(1)      17(1)      -2(1)       8(1)      -2(1)  
    C(13)    21(1)      22(1)      19(1)       4(1)       9(1)      -1(1)  
    C(14)    17(1)      30(1)      22(1)       0(1)       7(1)      -7(1)  
    C(15)    32(1)      24(1)      26(1)      -3(1)      15(1)       1(1)  
    C(16)    19(1)      20(1)      34(1)       1(1)      12(1)       5(1)  
    C(17)    19(1)      27(1)      27(1)      -9(1)      15(1)      -7(1)  
    O(1)     11(1)      24(1)      26(1)      -3(1)      11(1)      -2(1)  
    O(2)     12(1)      24(1)      20(1)       3(1)       7(1)      -1(1)  
    O(3)     31(1)      40(1)      24(1)     -10(1)      15(1)     -10(1)  
    _______________________________________________________________________  
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         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for msim.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(13A)       6033          8321          4861          25  
          H(13B)       4109          8455          5037          25  
          H(13C)       6112          8625          6598          25  
          H(14A)       8373          9419          5152          29  
          H(14B)       7369          9511          2949          29  
          H(14C)       8184          9002          3726          29  
          H(15A)       3269          9538          5081          32  
          H(15B)       4581          9897          4594          32  
          H(15C)       5458          9598          6484          32  
          H(16A)      -1143          9488           347          29  
          H(16B)        359          9773          -154          29  
          H(16C)        764          9683          1983          29  
          H(1)         3590(30)      9502(7)       1240(30)      22(5)  
          H(3)         1280(20)      8723(6)       3090(30)       9(4)  
          H(5A)        1210(30)      7739(7)       2570(30)      28(5)  
          H(5B)        -130(30)      7560(7)        560(30)      19(5)  
          H(6A)        3870(30)      7806(6)       2060(30)      19(4)  
          H(6B)        2780(30)      7394(7)        460(30)      21(5)  
          H(8)         4790(20)      8372(6)      -1080(30)       9(4)  
          H(9)         5050(20)      9097(6)       -240(30)       8(4)  
          H(10A)       1980(30)      9397(7)      -2310(30)      16(4)  
          H(10B)       2090(30)      8872(6)      -2990(20)       8(4)  
          H(11)        -740(30)      8996(6)      -2180(30)      15(4)  
          H(12)        -330(30)      8213(7)      -2170(30)      17(4)  
          H(17)        3350(30)      7587(8)      -2080(30)      31(6)  
          H(1O2)       6710(30)      8328(8)       1520(30)      28(6)  
         ________________________________________________________________  
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         Table 6.  Torsion angles [deg] for msim.  
         ________________________________________________________________  
   
          C(13)-Si(1)-C(1)-C(9)                               -81.12(12)  
          C(14)-Si(1)-C(1)-C(9)                                46.09(12)  
          C(15)-Si(1)-C(1)-C(9)                               158.66(11)  
          C(13)-Si(1)-C(1)-C(2)                                58.00(14)  
          C(14)-Si(1)-C(1)-C(2)                              -174.80(11)  
          C(15)-Si(1)-C(1)-C(2)                               -62.22(13)  
          C(9)-C(1)-C(2)-C(3)                                 105.43(13)  
          Si(1)-C(1)-C(2)-C(3)                                -38.51(16)  
          C(9)-C(1)-C(2)-C(16)                               -127.01(13)  
          Si(1)-C(1)-C(2)-C(16)                                89.05(15)  
          C(9)-C(1)-C(2)-C(11)                                 -5.92(14)  
          Si(1)-C(1)-C(2)-C(11)                              -149.86(10)  
          C(16)-C(2)-C(3)-C(4)                                134.89(13)  
          C(11)-C(2)-C(3)-C(4)                                 13.22(15)  
          C(1)-C(2)-C(3)-C(4)                                 -97.42(14)  
          C(16)-C(2)-C(3)-O(1)                                 71.20(16)  
          C(11)-C(2)-C(3)-O(1)                                -50.47(14)  
          C(1)-C(2)-C(3)-O(1)                                -161.11(11)  
          C(2)-C(3)-C(4)-O(1)                                -105.61(13)  
          O(1)-C(3)-C(4)-C(5)                                -114.67(16)  
          C(2)-C(3)-C(4)-C(5)                                 139.72(14)  
          O(1)-C(3)-C(4)-C(12)                                108.10(12)  
          C(2)-C(3)-C(4)-C(12)                                  2.49(15)  
          O(1)-C(4)-C(5)-C(6)                                -177.27(14)  
          C(3)-C(4)-C(5)-C(6)                                 -97.48(17)  
          C(12)-C(4)-C(5)-C(6)                                 39.50(15)  
          C(4)-C(5)-C(6)-C(7)                                 -23.05(15)  
          C(5)-C(6)-C(7)-C(17)                               -118.61(13)  
          C(5)-C(6)-C(7)-C(12)                                  0.58(16)  
          C(5)-C(6)-C(7)-C(8)                                 127.40(13)  
          C(17)-C(7)-C(8)-O(2)                               -114.41(14)  
          C(12)-C(7)-C(8)-O(2)                                124.97(13)  
          C(6)-C(7)-C(8)-O(2)                                   3.36(16)  
          C(17)-C(7)-C(8)-C(9)                                118.65(14)  
          C(12)-C(7)-C(8)-C(9)                                 -1.98(18)  
          C(6)-C(7)-C(8)-C(9)                                -123.58(13)  
          O(2)-C(8)-C(9)-C(10)                               -169.78(11)  
          C(7)-C(8)-C(9)-C(10)                                -42.90(16)  
          O(2)-C(8)-C(9)-C(1)                                 -53.94(16)  
          C(7)-C(8)-C(9)-C(1)                                  72.93(16)  
          C(2)-C(1)-C(9)-C(10)                                 33.07(13)  
          Si(1)-C(1)-C(9)-C(10)                               178.53(10)  
          C(2)-C(1)-C(9)-C(8)                                 -86.34(14)  
          Si(1)-C(1)-C(9)-C(8)                                 59.12(15)  
          C(8)-C(9)-C(10)-C(11)                                78.52(14)  
          C(1)-C(9)-C(10)-C(11)                               -47.18(13)  
          C(9)-C(10)-C(11)-C(12)                              -69.21(15)  
          C(9)-C(10)-C(11)-C(2)                                44.46(14)  
          C(3)-C(2)-C(11)-C(10)                              -140.86(12)  
          C(16)-C(2)-C(11)-C(10)                               97.52(14)  
          C(1)-C(2)-C(11)-C(10)                               -23.69(14)  
          C(3)-C(2)-C(11)-C(12)                               -23.48(14)  
          C(16)-C(2)-C(11)-C(12)                             -145.10(12)  
          C(1)-C(2)-C(11)-C(12)                                93.69(12)  
          O(1)-C(4)-C(12)-C(11)                                48.64(15)  
          C(3)-C(4)-C(12)-C(11)                               -17.45(15)  
          C(5)-C(4)-C(12)-C(11)                              -163.47(12)  
          O(1)-C(4)-C(12)-C(7)                                172.59(11)  
          C(3)-C(4)-C(12)-C(7)                                106.50(12)  
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          C(5)-C(4)-C(12)-C(7)                                -39.52(15)  
          C(10)-C(11)-C(12)-C(4)                              138.84(12)  
          C(2)-C(11)-C(12)-C(4)                                25.19(14)  
          C(10)-C(11)-C(12)-C(7)                               26.69(18)  
          C(2)-C(11)-C(12)-C(7)                               -86.96(15)  
          C(17)-C(7)-C(12)-C(4)                               139.92(13)  
          C(6)-C(7)-C(12)-C(4)                                 21.95(14)  
          C(8)-C(7)-C(12)-C(4)                               -104.08(13)  
          C(17)-C(7)-C(12)-C(11)                             -105.72(15)  
          C(6)-C(7)-C(12)-C(11)                               136.31(13)  
          C(8)-C(7)-C(12)-C(11)                                10.28(19)  
          C(12)-C(7)-C(17)-O(3)                                21.5(2)  
          C(6)-C(7)-C(17)-O(3)                                137.16(17)  
          C(8)-C(7)-C(17)-O(3)                               -101.87(17)  
          C(5)-C(4)-O(1)-C(3)                                 119.39(17)  
          C(12)-C(4)-O(1)-C(3)                                -98.88(13)  
          C(2)-C(3)-O(1)-C(4)                                 100.06(13)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for msim [A and deg.].  
 ____________________________________________________________________________  
   
 Hydrogen bonds with  H..A < r(A) + 2.000 Angstroms  and  <DHA > 110 deg. 
 
 D-H           d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 
 O2-H1O2        0.769    2.016   167.46    2.771    O1 [ x+1, y, z ] 
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     Table 1.  Crystal data and structure refinement for tlal.  
   
   
      Identification code               tlal  
   
      Empirical formula                 C13 H16 O3  
   
      Formula weight                    220.26  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  P21/c  
   
      Unit cell dimensions              a = 11.5768(5) A   alpha = 90 deg.  
                                        b = 10.4600(5) A    beta = 96.017(2) 
deg.  
                                        c = 8.6706(4) A   gamma = 90 deg.  
   
      Volume                            1044.17(8) A^3  
   
      Z, Calculated density             4,  1.401 Mg/m^3  
   
      Absorption coefficient            0.098 mm^-1  
   
      F(000)                            472  
   
      Crystal size                      0.20 x 0.16 x 0.06 mm  
   
      Theta range for data collection   2.63 to 30.91 deg.  
   
      Limiting indices                  -16<=h<=16, 0<=k<=15, 0<=l<=12  
   
      Reflections collected / unique    32135 / 3269 [R(int) = 0.0459]  
   
      Completeness to theta = 28.30     98.9 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9941 and 0.9806  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    3269 / 0 / 209  
   
      Goodness-of-fit on F^2            1.095  
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      Final R indices [I>2sigma(I)]     R1 = 0.0405, wR2 = 0.1050  
   
      R indices (all data)              R1 = 0.0548, wR2 = 0.1111  
   
      Largest diff. peak and hole       0.413 and -0.192 e.A^-3  
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         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for tlal.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          O(1)         5855(1)      10991(1)      -1378(1)       17(1)  
          O(2)         6092(1)       8259(1)         65(1)       19(1)  
          O(3)         8376(1)       8990(1)        809(1)       20(1)  
          C(1)         5925(1)      10757(1)      -3027(1)       15(1)  
          C(2)         6470(1)       9854(1)      -1875(1)       13(1)  
          C(3)         7776(1)      10093(1)      -1682(1)       12(1)  
          C(4)         8471(1)       9148(1)      -2538(1)       14(1)  
          C(5)         9370(1)       9882(1)      -3318(1)       16(1)  
          C(6)         9130(1)      11299(1)      -3156(1)       16(1)  
          C(7)         7933(1)      11385(1)      -2521(1)       13(1)  
          C(8)         6855(1)      11506(1)      -3738(1)       15(1)  
          C(9)         6988(1)      10873(1)      -5271(1)       18(1)  
          C(10)        7614(1)       9827(1)      -5462(1)       19(1)  
          C(11)        8425(1)       9145(1)      -4307(1)       17(1)  
          C(12)        5932(1)       8595(1)      -1540(1)       18(1)  
          C(13)        8289(1)      10186(1)         21(1)       16(1)  
         ________________________________________________________________  
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           Table 3.  Bond lengths [A] and angles [deg] for tlal.  
           _____________________________________________________________  
   
            O(1)-C(1)                     1.4611(13)  
            O(1)-C(2)                     1.4739(13)  
            O(2)-C(12)                    1.4284(13)  
            O(3)-C(13)                    1.4234(14)  
            C(1)-C(2)                     1.4684(15)  
            C(1)-C(8)                     1.5147(15)  
            C(2)-C(12)                    1.4978(15)  
            C(2)-C(3)                     1.5241(14)  
            C(3)-C(4)                     1.5168(14)  
            C(3)-C(13)                    1.5356(14)  
            C(3)-C(7)                     1.5554(14)  
            C(4)-C(5)                     1.5086(14)  
            C(4)-C(11)                    1.5292(15)  
            C(5)-C(6)                     1.5178(16)  
            C(5)-C(11)                    1.5263(16)  
            C(6)-C(7)                     1.5462(15)  
            C(7)-C(8)                     1.5526(14)  
            C(8)-C(9)                     1.5074(16)  
            C(9)-C(10)                    1.3325(17)  
            C(10)-C(11)                   1.4815(16)  
   
            C(1)-O(1)-C(2)               60.04(6)  
            O(1)-C(1)-C(2)               60.41(6)  
            O(1)-C(1)-C(8)              115.23(9)  
            C(2)-C(1)-C(8)              109.63(9)  
            C(1)-C(2)-O(1)               59.55(7)  
            C(1)-C(2)-C(12)             122.60(9)  
            O(1)-C(2)-C(12)             115.38(8)  
            C(1)-C(2)-C(3)              108.68(9)  
            O(1)-C(2)-C(3)              109.86(8)  
            C(12)-C(2)-C(3)             123.45(9)  
            C(4)-C(3)-C(2)              114.22(8)  
            C(4)-C(3)-C(13)             109.92(8)  
            C(2)-C(3)-C(13)             113.27(8)  
            C(4)-C(3)-C(7)              104.07(8)  
            C(2)-C(3)-C(7)              104.75(8)  
            C(13)-C(3)-C(7)             110.03(8)  
            C(5)-C(4)-C(3)              108.32(9)  
            C(5)-C(4)-C(11)              60.32(7)  
            C(3)-C(4)-C(11)             121.86(9)  
            C(4)-C(5)-C(6)              108.30(9)  
            C(4)-C(5)-C(11)              60.51(7)  
            C(6)-C(5)-C(11)             114.73(9)  
            C(5)-C(6)-C(7)              105.62(9)  
            C(6)-C(7)-C(8)              116.71(9)  
            C(6)-C(7)-C(3)              105.61(8)  
            C(8)-C(7)-C(3)              105.27(8)  
            C(9)-C(8)-C(1)              105.96(9)  
            C(9)-C(8)-C(7)              114.50(9)  
            C(1)-C(8)-C(7)              103.70(8)  
            C(10)-C(9)-C(8)             125.25(10)  
            C(9)-C(10)-C(11)            128.73(10)  
            C(10)-C(11)-C(5)            120.17(10)  
            C(10)-C(11)-C(4)            129.06(9)  
            C(5)-C(11)-C(4)              59.17(7)  
            O(2)-C(12)-C(2)             113.02(9)  
            O(3)-C(13)-C(3)             113.98(9)  
           _____________________________________________________________  
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           Symmetry transformations used to generate equivalent atoms:  
             
 
228 
 
 
 
  
    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for tlal.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    O(1)     15(1)      21(1)      16(1)       0(1)       5(1)       6(1)  
    O(2)     17(1)      25(1)      17(1)       8(1)       8(1)       5(1)  
    O(3)     21(1)      22(1)      16(1)       3(1)      -1(1)       3(1)  
    C(1)     12(1)      20(1)      14(1)       1(1)       2(1)       0(1)  
    C(2)     12(1)      16(1)      12(1)      -2(1)       3(1)       0(1)  
    C(3)     11(1)      14(1)      12(1)      -1(1)       2(1)       1(1)  
    C(4)     15(1)      13(1)      15(1)       0(1)       5(1)       2(1)  
    C(5)     13(1)      18(1)      19(1)       1(1)       5(1)       1(1)  
    C(6)     12(1)      17(1)      20(1)       1(1)       2(1)      -3(1)  
    C(7)     12(1)      12(1)      16(1)      -1(1)       2(1)       0(1)  
    C(8)     13(1)      15(1)      17(1)       4(1)       2(1)       1(1)  
    C(9)     16(1)      24(1)      13(1)       5(1)       1(1)      -6(1)  
    C(10)    22(1)      24(1)      13(1)      -1(1)       5(1)      -8(1)  
    C(11)    20(1)      17(1)      15(1)      -2(1)       8(1)      -1(1)  
    C(12)    18(1)      21(1)      15(1)       2(1)       5(1)      -4(1)  
    C(13)    16(1)      18(1)      13(1)      -2(1)      -1(1)       2(1)  
    _______________________________________________________________________  
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         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for tlal.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(02)        5569(17)      8598(18)       520(20)      41(5)  
          H(03)        7660(20)      8640(20)       720(20)      59(6)  
          H(1)         5208(11)     10599(13)     -3617(15)      13(3)  
          H(4)         8666(12)      8335(14)     -2026(16)      17(3)  
          H(5)        10180(13)      9562(15)     -3263(17)      24(4)  
          H(6A)        9737(13)     11679(14)     -2384(17)      23(4)  
          H(6B)        9112(12)     11751(14)     -4139(16)      20(4)  
          H(7)         7932(12)     12085(13)     -1784(15)      14(3)  
          H(8)         6621(12)     12404(14)     -3925(15)      17(3)  
          H(9)         6509(12)     11226(14)     -6178(16)      19(3)  
          H(10)        7601(14)      9481(16)     -6512(18)      30(4)  
          H(11)        8671(13)      8348(14)     -4687(16)      19(3)  
          H(12A)       5089(13)      8608(14)     -1924(16)      21(4)  
          H(12B)       6291(13)      7950(15)     -2096(17)      21(3)  
          H(13A)       7809(13)     10793(14)       590(16)      21(4)  
          H(13B)       9106(12)     10542(14)        62(16)      17(3)  
         ________________________________________________________________  
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         Table 6.  Torsion angles [deg] for tlal.  
         ________________________________________________________________  
   
          C(2)-O(1)-C(1)-C(8)                                 -99.17(10)  
          C(8)-C(1)-C(2)-O(1)                                 108.54(9)  
          O(1)-C(1)-C(2)-C(12)                                102.36(10)  
          C(8)-C(1)-C(2)-C(12)                               -149.09(10)  
          O(1)-C(1)-C(2)-C(3)                                -102.54(9)  
          C(8)-C(1)-C(2)-C(3)                                   6.00(12)  
          C(1)-O(1)-C(2)-C(12)                               -114.38(10)  
          C(1)-O(1)-C(2)-C(3)                                 100.53(9)  
          C(1)-C(2)-C(3)-C(4)                                -101.15(10)  
          O(1)-C(2)-C(3)-C(4)                                -164.62(8)  
          C(12)-C(2)-C(3)-C(4)                                 53.68(13)  
          C(1)-C(2)-C(3)-C(13)                                131.96(9)  
          O(1)-C(2)-C(3)-C(13)                                 68.50(11)  
          C(12)-C(2)-C(3)-C(13)                               -73.20(12)  
          C(1)-C(2)-C(3)-C(7)                                  12.05(11)  
          O(1)-C(2)-C(3)-C(7)                                 -51.41(10)  
          C(12)-C(2)-C(3)-C(7)                                166.88(9)  
          C(2)-C(3)-C(4)-C(5)                                 136.48(9)  
          C(13)-C(3)-C(4)-C(5)                                -94.92(10)  
          C(7)-C(3)-C(4)-C(5)                                  22.88(10)  
          C(2)-C(3)-C(4)-C(11)                                 70.59(12)  
          C(13)-C(3)-C(4)-C(11)                              -160.82(9)  
          C(7)-C(3)-C(4)-C(11)                                -43.02(12)  
          C(3)-C(4)-C(5)-C(6)                                  -8.22(12)  
          C(11)-C(4)-C(5)-C(6)                                108.61(10)  
          C(3)-C(4)-C(5)-C(11)                               -116.83(9)  
          C(4)-C(5)-C(6)-C(7)                                 -10.09(11)  
          C(11)-C(5)-C(6)-C(7)                                 55.17(12)  
          C(5)-C(6)-C(7)-C(8)                                 -92.44(11)  
          C(5)-C(6)-C(7)-C(3)                                  24.08(11)  
          C(4)-C(3)-C(7)-C(6)                                 -28.78(10)  
          C(2)-C(3)-C(7)-C(6)                                -149.00(8)  
          C(13)-C(3)-C(7)-C(6)                                 88.94(10)  
          C(4)-C(3)-C(7)-C(8)                                  95.27(9)  
          C(2)-C(3)-C(7)-C(8)                                 -24.95(10)  
          C(13)-C(3)-C(7)-C(8)                               -147.01(9)  
          O(1)-C(1)-C(8)-C(9)                                 165.16(9)  
          C(2)-C(1)-C(8)-C(9)                                  99.45(10)  
          O(1)-C(1)-C(8)-C(7)                                  44.25(11)  
          C(2)-C(1)-C(8)-C(7)                                 -21.45(11)  
          C(6)-C(7)-C(8)-C(9)                                  29.99(13)  
          C(3)-C(7)-C(8)-C(9)                                 -86.73(10)  
          C(6)-C(7)-C(8)-C(1)                                 144.95(9)  
          C(3)-C(7)-C(8)-C(1)                                  28.24(10)  
          C(1)-C(8)-C(9)-C(10)                                -81.67(13)  
          C(7)-C(8)-C(9)-C(10)                                 31.97(15)  
          C(8)-C(9)-C(10)-C(11)                                -8.53(18)  
          C(9)-C(10)-C(11)-C(5)                               -50.18(16)  
          C(9)-C(10)-C(11)-C(4)                                22.86(19)  
          C(4)-C(5)-C(11)-C(10)                               120.12(11)  
          C(6)-C(5)-C(11)-C(10)                                22.26(14)  
          C(6)-C(5)-C(11)-C(4)                                -97.86(10)  
          C(5)-C(4)-C(11)-C(10)                              -105.63(13)  
          C(3)-C(4)-C(11)-C(10)                               -11.52(17)  
          C(3)-C(4)-C(11)-C(5)                                 94.11(11)  
          C(1)-C(2)-C(12)-O(2)                               -142.21(10)  
          O(1)-C(2)-C(12)-O(2)                                -73.47(11)  
          C(3)-C(2)-C(12)-O(2)                                 66.35(13)  
          C(4)-C(3)-C(13)-O(3)                                -55.16(12)  
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          C(2)-C(3)-C(13)-O(3)                                 73.95(11)  
          C(7)-C(3)-C(13)-O(3)                               -169.20(8)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for tlal [A and deg.].  
 ____________________________________________________________________________  
   
 Hydrogen bonds with  H..A < r(A) + 2.000 Angstroms  and  <DHA > 110 deg. 
 
 D-H           d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 
 O2-H02         0.837    1.925   165.47    2.744    O1 [ -x+1, -y+2, -z ] 
 
 O3-H03         0.902    1.887   163.71    2.764    O2  
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      Table 1.  Crystal data and structure refinement for FILA.  
   
   
      Identification code               fila  
   
      Empirical formula                 C13 H16 O2  
   
      Formula weight                    204.26  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  P21/n  
   
      Unit cell dimensions              a = 5.9973(2) A   alpha = 90 deg.  
                                        b = 24.8898(7) A    beta = 96.1670(10) 
deg.  
                                        c = 6.7044(2) A   gamma = 90 deg.  
   
      Volume                            994.98(5) A^3  
   
      Z, Calculated density             4,  1.364 Mg/m^3  
   
      Absorption coefficient            0.090 mm^-1  
   
      F(000)                            440  
   
      Crystal size                      0.21 x 0.19 x 0.16 mm  
   
      Theta range for data collection   3.16 to 30.51 deg.  
   
      Limiting indices                  -8<=h<=8, 0<=k<=35, 0<=l<=9  
   
      Reflections collected / unique    26679 / 3015 [R(int) = 0.0445]  
   
      Completeness to theta = 28.30     99.1 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9857 and 0.9813  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    3015 / 0 / 144  
   
      Goodness-of-fit on F^2            1.038  
   
      Final R indices [I>2sigma(I)]     R1 = 0.0448, wR2 = 0.1081  
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      R indices (all data)              R1 = 0.0647, wR2 = 0.1176  
   
      Largest diff. peak and hole       0.410 and -0.226 e.A^-3  
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         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for FILA.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          C(1)        -4470(2)       1599(1)       1752(2)       15(1)  
          C(2)        -3634(2)       2097(1)       2769(2)       17(1)  
          C(3)        -3640(2)       2236(1)       4684(2)       17(1)  
          C(4)        -4344(2)       1872(1)       6298(2)       16(1)  
          C(5)        -6211(2)       1467(1)       5557(2)       15(1)  
          C(6)        -7865(2)       1623(1)       3741(2)       17(1)  
          C(7)        -6859(2)       1410(1)       1924(2)       16(1)  
          C(8)        -4900(2)       1048(1)       2632(2)       14(1)  
          C(9)        -4888(2)        977(1)       4889(2)       14(1)  
          C(10)       -2676(2)       1017(1)       6189(2)       14(1)  
          C(11)       -2402(2)       1503(1)       7002(2)       16(1)  
          C(12)       -4435(2)        575(1)       1356(2)       18(1)  
          C(13)       -1092(2)        554(1)       6431(2)       16(1)  
          O(1)        -2115(2)        425(1)       1545(2)       21(1)  
          O(2)          363(2)        597(1)       8251(1)       20(1)  
         ________________________________________________________________  
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           Table 3.  Bond lengths [A] and angles [deg] for FILA.  
           _____________________________________________________________  
   
            C(1)-C(2)                     1.4779(17)  
            C(1)-C(7)                     1.5236(17)  
            C(1)-C(8)                     1.5246(16)  
            C(2)-C(3)                     1.3300(18)  
            C(3)-C(4)                     1.5060(17)  
            C(4)-C(11)                    1.5188(16)  
            C(4)-C(5)                     1.5495(17)  
            C(5)-C(6)                     1.5360(17)  
            C(5)-C(9)                     1.5451(16)  
            C(6)-C(7)                     1.5126(17)  
            C(7)-C(8)                     1.5154(16)  
            C(8)-C(12)                    1.4992(16)  
            C(8)-C(9)                     1.5221(16)  
            C(9)-C(10)                    1.5102(17)  
            C(10)-C(11)                   1.3300(17)  
            C(10)-C(13)                   1.4914(16)  
            C(12)-O(1)                    1.4330(16)  
            C(13)-O(2)                    1.4258(15)  
   
            C(2)-C(1)-C(7)              119.94(10)  
            C(2)-C(1)-C(8)              129.74(10)  
            C(7)-C(1)-C(8)               59.62(8)  
            C(3)-C(2)-C(1)              128.88(11)  
            C(2)-C(3)-C(4)              124.57(11)  
            C(3)-C(4)-C(11)             108.80(10)  
            C(3)-C(4)-C(5)              114.22(10)  
            C(11)-C(4)-C(5)             102.05(9)  
            C(6)-C(5)-C(9)              106.17(9)  
            C(6)-C(5)-C(4)              118.11(10)  
            C(9)-C(5)-C(4)              103.36(9)  
            C(7)-C(6)-C(5)              105.64(10)  
            C(6)-C(7)-C(8)              108.60(10)  
            C(6)-C(7)-C(1)              114.35(10)  
            C(8)-C(7)-C(1)               60.22(8)  
            C(12)-C(8)-C(7)             118.24(10)  
            C(12)-C(8)-C(9)             119.69(10)  
            C(7)-C(8)-C(9)              107.53(9)  
            C(12)-C(8)-C(1)             115.77(10)  
            C(7)-C(8)-C(1)               60.16(8)  
            C(9)-C(8)-C(1)              120.38(10)  
            C(10)-C(9)-C(8)             118.43(10)  
            C(10)-C(9)-C(5)             103.16(9)  
            C(8)-C(9)-C(5)              104.43(9)  
            C(11)-C(10)-C(13)           127.51(11)  
            C(11)-C(10)-C(9)            111.00(10)  
            C(13)-C(10)-C(9)            121.48(10)  
            C(10)-C(11)-C(4)            111.46(10)  
            O(1)-C(12)-C(8)             113.15(10)  
            O(2)-C(13)-C(10)            111.10(10)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
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    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for FILA.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    C(1)     18(1)      15(1)      13(1)       2(1)       3(1)       1(1)  
    C(2)     17(1)      14(1)      20(1)       4(1)       2(1)      -1(1)  
    C(3)     19(1)      12(1)      21(1)       0(1)       0(1)       1(1)  
    C(4)     19(1)      14(1)      14(1)      -1(1)       1(1)       4(1)  
    C(5)     15(1)      16(1)      16(1)       2(1)       4(1)       3(1)  
    C(6)     14(1)      18(1)      18(1)       2(1)       2(1)       3(1)  
    C(7)     16(1)      15(1)      16(1)       0(1)      -1(1)       1(1)  
    C(8)     15(1)      13(1)      14(1)       0(1)       1(1)       1(1)  
    C(9)     15(1)      12(1)      15(1)       2(1)       3(1)       0(1)  
    C(10)    15(1)      15(1)      12(1)       2(1)       3(1)       2(1)  
    C(11)    16(1)      17(1)      13(1)       1(1)       0(1)       3(1)  
    C(12)    20(1)      16(1)      18(1)      -4(1)       0(1)       2(1)  
    C(13)    18(1)      14(1)      17(1)      -1(1)       0(1)       3(1)  
    O(1)     23(1)      23(1)      19(1)       0(1)       3(1)       9(1)  
    O(2)     21(1)      19(1)      18(1)       1(1)      -3(1)       4(1)  
    _______________________________________________________________________  
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         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for FILA.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(1)        -4063          1575           347          18  
          H(2)        -3005          2354          1942          20  
          H(3)        -3167          2590          5060          21  
          H(4)        -4799          2088          7445          19  
          H(5)        -7061          1361          6700          18  
          H(6A)       -9354          1460          3842          20  
          H(6B)       -8038          2019          3658          20  
          H(7)        -7861          1315           685          19  
          H(9)        -5673           637          5185          16  
          H(11)       -1149          1606          7910          19  
          H(12A)      -5335           266          1735          22  
          H(12B)      -4920           662           -66          22  
          H(13A)      -1954           215          6436          20  
          H(13B)       -187           543          5280          20  
          H(01)       -1440(50)       552(11)       630(50)      82(9)  
          H(02)        1170(40)       283(11)      8350(40)      66(7)  
         ________________________________________________________________  
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         Table 6.  Torsion angles [deg] for FILA.  
         ________________________________________________________________  
   
          C(7)-C(1)-C(2)-C(3)                                  52.95(18)  
          C(8)-C(1)-C(2)-C(3)                                 -20.8(2)  
          C(1)-C(2)-C(3)-C(4)                                   6.2(2)  
          C(2)-C(3)-C(4)-C(11)                                 81.02(15)  
          C(2)-C(3)-C(4)-C(5)                                 -32.24(17)  
          C(3)-C(4)-C(5)-C(6)                                 -28.23(15)  
          C(11)-C(4)-C(5)-C(6)                               -145.45(10)  
          C(3)-C(4)-C(5)-C(9)                                  88.60(11)  
          C(11)-C(4)-C(5)-C(9)                                -28.62(11)  
          C(9)-C(5)-C(6)-C(7)                                 -23.74(12)  
          C(4)-C(5)-C(6)-C(7)                                  91.58(12)  
          C(5)-C(6)-C(7)-C(8)                                  10.15(13)  
          C(5)-C(6)-C(7)-C(1)                                 -54.83(13)  
          C(2)-C(1)-C(7)-C(6)                                 -22.87(15)  
          C(8)-C(1)-C(7)-C(6)                                  98.30(11)  
          C(2)-C(1)-C(7)-C(8)                                -121.17(12)  
          C(6)-C(7)-C(8)-C(12)                                146.90(11)  
          C(1)-C(7)-C(8)-C(12)                               -105.12(12)  
          C(6)-C(7)-C(8)-C(9)                                   7.51(13)  
          C(1)-C(7)-C(8)-C(9)                                 115.49(10)  
          C(6)-C(7)-C(8)-C(1)                                -107.98(11)  
          C(2)-C(1)-C(8)-C(12)                               -145.43(13)  
          C(7)-C(1)-C(8)-C(12)                                109.20(11)  
          C(2)-C(1)-C(8)-C(7)                                 105.37(14)  
          C(2)-C(1)-C(8)-C(9)                                  11.58(19)  
          C(7)-C(1)-C(8)-C(9)                                 -93.79(12)  
          C(12)-C(8)-C(9)-C(10)                                85.42(13)  
          C(7)-C(8)-C(9)-C(10)                               -135.88(10)  
          C(1)-C(8)-C(9)-C(10)                                -70.70(14)  
          C(12)-C(8)-C(9)-C(5)                               -160.59(10)  
          C(7)-C(8)-C(9)-C(5)                                 -21.88(12)  
          C(1)-C(8)-C(9)-C(5)                                  43.30(13)  
          C(6)-C(5)-C(9)-C(10)                                152.55(9)  
          C(4)-C(5)-C(9)-C(10)                                 27.58(11)  
          C(6)-C(5)-C(9)-C(8)                                  28.14(12)  
          C(4)-C(5)-C(9)-C(8)                                 -96.83(10)  
          C(8)-C(9)-C(10)-C(11)                                98.33(12)  
          C(5)-C(9)-C(10)-C(11)                               -16.35(13)  
          C(8)-C(9)-C(10)-C(13)                               -81.09(14)  
          C(5)-C(9)-C(10)-C(13)                               164.23(10)  
          C(13)-C(10)-C(11)-C(4)                              176.85(11)  
          C(9)-C(10)-C(11)-C(4)                                -2.53(14)  
          C(3)-C(4)-C(11)-C(10)                              -100.88(12)  
          C(5)-C(4)-C(11)-C(10)                                20.18(13)  
          C(7)-C(8)-C(12)-O(1)                                151.13(11)  
          C(9)-C(8)-C(12)-O(1)                                -74.46(14)  
          C(1)-C(8)-C(12)-O(1)                                 82.72(13)  
          C(11)-C(10)-C(13)-O(2)                               24.16(17)  
          C(9)-C(10)-C(13)-O(2)                              -156.52(10)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for FILA [A and deg.].  
 ____________________________________________________________________________  
   
Hydrogen bonds with  H..A < r(A) + 2.000 Angstroms  and  <DHA > 110 
deg. 
 
 D-H           d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 
 O1-H01         0.830    2.027   160.85    2.824    O2 [ x, y, z-1 ] 
 
 O2-H02         0.917    1.850   165.94    2.749    O1 [ -x, -y, -z+1 ] 
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ABSTRACT 
TRANSITION METAL-MEDIATED HIGHER-ORDER CYCLOADDITION REACTIONS: 
APPLICATION TO THE TOTAL SYNTHESIS OF COMPLEX NATURAL PRODUCTS 
by 
BILAL ABOU ALEIWI 
December 2010 
Advisor: Dr. James H. Rigby 
Major: Chemistry (Organic) 
Degree: Doctor of Philosophy 
Chromium (0)-mediated [6π + 2π] and [6π + 2π + 2π+ cycloaddition reactions 
between cyclic trienes and alkynes is reported. The development, investigation and  
application of these reactions in the total synthesis of complex ring systems and natural 
products is described. Two natural products, namely, ∆ 9(12) –Capnellene and 
Echinopines A and B were targeted. 
An investigation led to the successful development of a methodology to form the 
linear triquinane ring system of the natural product ∆ 9(12) –Capnellene. This 
methodology relies mainly on a tandem Chromium (0)-mediated [6π + 2π] cycloaddition 
reaction and a radical cyclization reaction. 
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